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Abstract 
 
The idea of the present thesis was to combine different established methods in a high-resolution study 
on a short-timed interval of Duckmantian strata (Pennsylvanian/Upper Carboniferous) of the Ruhr 
Basin, Western Germany. Organic petrographical, palynological, sedimentological and organic 
geochemical techniques were used to obtain a huge data set, to support the argumentations and 
discussions. In doing so, these investigations were focused on two main goals: (a) the maturity and 
quality of source rocks and (b) the evolution of swamp environments. 
 
For this study, six coal-bearing seam successions were examined. Fresh drilling material was provided 
by the DSK coal mine Prosper Haniel in the Ruhr Basin, western Germany. All samples were taken 
from two multilateral wells. Experimental investigations comprise the following techniques: 
Sedimentological core description, maceral analyses, vitrinite reflectance, TOC, ash and Rock-Eval 
pyrolysis on sediments, kerogen concentrates and coal-mineral-mixtures, palynological investigations 
on miospores, and GC analyses on n-alkanes, and iso-alkanes. 
 
(a) Maturity and quality of source rocks 
 
This first part of the study focuses on the quality, quantity and maturity of coal and dispersed 
terrigenous organic matter.  Furthermore, kerogen concentrates and coal-mineral-mixtures also were 
analysed. 
For the sampled interval samples show a vitrinite reflectance between 0.75 and 1.0 % with an increase 
of maturity towards the stratigraphic older and deeper seam successions. Average vitrinite reflectance 
of sediment samples is slightly higher than that of coal samples. The maturity trend also is reflected in 
the Tmax values of Rock-Eval pyrolysis or the C17/C27-relationship. 
Investigations on petroleum potential show a kerogen type III respectively II/III for the sampled 
interval. Differences between Rock-Eval parameters determined on whole rock samples and kerogen 
concentrates were observed, especially with respect to Hydrogen Index (HI) values. In coals, which 
were compared with dispersed organic matter of similar maceral composition, the HI is about two 
times as high as that of the sediment samples. In contrast, Oxygen Indices are much higher for 
dispersed type III kerogen than for coal, caused by the stronger degradation of organic compounds in 
the clastic environments as compared to the peat environments. However, Oxygen Indices clearly are 
influenced by decomposition of carbonate minerals. Furthermore, Hydrogen Indices of dispersed 
kerogen are influenced by mineral-matrix effects. Experiments with artificial mixtures of coal and 
minerals show that reactions with pyrite seem to reduce HI values of kerogen concentrates 
significantly.  
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(b) Evolution of swamp environments 
 
The second part of the thesis focuses on palynological investigations on miospores to reconstruct the 
swamp evolution during the Duckmantian of the Ruhr Basin. In addition, sedimentological and 
organic petrographical data confirmed the interpretation. 
Based on published information of in situ spores the encountered miospores were assigned to their 
parent plants in order to reconstruct the vegetation history. In this study six plant associations were 
identified by using a Detrended Correspondence Analyses (DCA): lepidocarpacean association I, 
lepidocarpacean association II, lepidocarpacean – sigillarian association, lepidocarpacean – 
sphenophyll association, lepidocarpacean – fern association, and the subarborescent lycopsid 
association. Furthermore, coal petrographical GI/TPI and GWI/VI relationships also reflect these 
associations. Another new defined index, the water cover index (WCI), based on these palynological 
interpretations, reflects the ratio of hydrophilous/hygrophilous vs. mesophilous plants and gives 
additional information on the environment. 
In the sampled seam successions arborescent lycopsids are the most abundant plants, with a 
dominance of the miospore Lycospora. In 75 % of all samples the genus is represented with more than 
50 % relative abundance. Hence, lepidocarpaceans such as Lepidophloios and Lepidodendron 
dominated the vegetation of the Ruhr Basin during the mid and late Duckmantian, forming flood 
plains and planar forest mires. Some variations are reflected in abundance of other spores. A greater 
influence of the sigillarian miospores Crassispora was typical for drier swamp margins, whereas 
densospore producing plants or sphenophylls characterized the stunted respectively scrambling 
vegetation of domed swamps. By contrast, fern influenced environments were rare during the 
Duckmantian. 
Recurring rhythmic successions of plant associations and depositional environments were noted in the 
studied interval: A lower flood plain is followed by peat substrate topogenous mires, which rise up and 
build an ombrogenous mire. After subsidence and recurrent flooding an upper flood plain was re-
established. This general cycle is temporarily interrupted by other plant associations representing 
varying local environments. Drier sandbanks and swamp margin zones covered with sigillarians 
regularly occurred, implicating small environmental variations and a lateral shift of the swamp habitat. 
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Zusammenfassung 
 
Die Grundidee dieser Arbeit war die Kombination verschiedener Analyse-Methoden zur 
Durchführung einer hochauflösenden Studie. Hierfür wurde ein sehr kurzes Zeitintervall im 
Duckmantium (Pennsylvanium/Oberkarbon) des Ruhrbeckens/Deutschland ausgewählt. Die 
Anwendung von organsicher Petrographie, Palynologie, Sedimentologie sowie organischer 
Geochemie ermöglichten die Aufnahme eines sehr umfangreichen Datensatzes, dem eine statistisch 
gestützte Ergebnisdiskussion folgte und die zwei Hauptzielsetzungen hatte: (a) Reife und Qualität von 
Source Rocks und (b) Entwicklung von Sumpf-Environments. 
 
Im Laufe der Arbeit wurden sechs Flözbereiche ausgewertet. Von der Deutschen Steinkohle AG 
wurde frisch erbohrtes Kernmaterial (von zwei multilateralen Kernbohrungen aus Zeche Prosper 
Haniel, Ruhrgebiet) zur Verfügung gestellt. An diesem Material wurden verschiedenste Techniken 
durchgeführt: sedimentologische Bohrkernansprache, Mazeralanalyse, Vitrinitreflexionsmessungen, 
TOC-, Asche- und Rock-Eval-Pyrolysen an Sedimenten, Kerogenkonzentraten sowie Kohle-Mineral-
Mischungen, palynologische Untersuchungen an Miosporen und GC-Analysen an n-Alkanen und iso-
Alkanen. 
 
(a) Reife und Qualität von Source Rocks 
 
Im ersten Teil der Doktorarbeit wurden Qualität, Quantität und Reife von Kohlen und dispersem 
organischen Material untersucht. Zusätzlich wurden Kerogenkonzentrate und Kohle-Mineral-
Mischungen analysiert. 
Die Vitrinitreflexion in dem beprobten Bereich liegt zwischen 0,75 und 1,0 %, wobei die Reife mit 
Teufe und stratigraphischem Alter zunimmt. Dabei ist die durchschnittliche Reflexion in den 
Sedimenten etwas höher als in den Kohlen der jeweiligen Abschnitte. Der Reifetrend wird ebenfalls in 
den Tmax-Werten oder dem nC17/nC27-Verhältnissen deutlich. 
Rock-Eval-Untersuchungen zeigen, dass es sich um Typ III bzw. Typ II/III Kerogene handelt. 
Messungen des Hydrogen-Index (HI) an Kohlen zeigen durchschnittlich doppelt so hohe Werte als 
Sedimentproben, auch wenn letztere eine ähnliche Mazeralzusammensetzung aufweisen. Der Oxygen-
Index (OI) ist dagegen in den Sedimenten stärker ausgeprägt, was an der stärkeren Degeneration der 
organischen Komponenten in den klastisch geprägten Environments gegenüber den kohlebildenden 
Sümpfen liegt. Einen besonders starken Einfluss auf den Oxygen-Index haben dabei die Karbonate, 
während der Hydrogen-Index durch Mineral-Matrix-Effekte beeinflusst werden kann. Experimente 
mit Kohle-Mineral-Mischungen bestätigten dies, wobei Wechselwirkungen besonders für Pyrit 
deutlich wurden. 
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(b) Entwicklung von Sumpf-Environments 
 
Im zweiten Teil der Dissertation wurde versucht, anhand von Miosporen die Entwicklung von 
Sümpfen während des Duckmantium im Ruhrbecken zu rekonstruieren. Für diese Interpretation 
wurden zudem auch sedimentologische und organisch petrologische Daten genutzt.  
Als Grundlage für die Interpretation diente ein Abgleich zwischen Miosporen und den dazugehörigen 
sporenproduzierenden Pflanzen. Hierfür wurde eine ausführliche Literaturrecherche zur Betrachtung 
von in situ Sporen durchgeführt. Anschließend wurde anhand der Pflanzen auf die 
Vegetationsentwicklung geschlossen und dadurch konnten die einzelnen Paläoenvironments definiert 
werden. In dieser Studie konnten mittels Detrended Correspondence Analyse (DCA) sechs 
unterschiedliche Pflanzenassoziationen charakterisiert werden: Lepidocarpacean-Assoziation I, 
Lepidocarpacean-Assoziation II, Lepidocarpacean-Sigillarien-Assoziation, Lepidocarpacean-
Sphenophyll-Assoziation, Lepidocarpacean-Farn-Assoziation sowie die Lepidocarpacean-
‚niedrigwüchsige Lycopsiden'-Assoziation. Zusätzlich wurden diese Assoziationen durch die 
Verhältnisse von den kohlenpetrographischen Indizes GI/TPI und GWI/VI untermauert. Die 
Einführung eines auf der  Palynologie basierenden ‚Water Cover Index‘ (WCI) zeigt ebenfalls die 
unterschiedlichen Assoziationen. Der WCI spiegelt dabei das Verhältnis von hydrophilen/hygrophilen 
gegen mesophile Pflanzen wieder. 
In dem beprobten Abschnitt stellen die baumwüchsigen Lycopsiden die dominierende 
Pflanzengattung. Lycospora ist die dominierende Spore und tritt in 75 % aller Proben mit einer 
Häufigkeit von über 50 % auf. Im mittleren und späten Duckmantium wurde die Vegetation des 
Ruhrbeckens von Lepidophloios und Lepidodendron geprägt. Beide traten besonders in den 
Überflutungsebenen sowie den Niedermooren auf. Variationen in der Sporenzusammensetzung zeigen 
zudem Unterschiede in der Pflanzenvergesellschaftung. Das Auftreten der Miospore Crassispora, 
produziert von den Sigillarien, ist ein Anzeiger für Sumpfränder oder etwas sandigere und zeitweise 
trockenere Sumpfgebiete. Densosporen-produzierende Pflanzen sowie Sphenophyllen bilden dagegen 
die typische Hochmoor-Flora. Farn-dominierte Environments sind dafür in dieser Zeit eher selten. 
Ein wiederholtes zyklisches Auftreten der Pflanzenassoziationen und der Ablagerungsräume zeigt in 
allen Flözbereichen ein relativ einheitliches Bild: Die Basis eines Intervalls wird von der 
Überflutungsebene gebildet. Hierauf erfolgt die Bildung eines Niedermoores, welches langsam in ein 
Hochmoor übergeht. Durch anhaltende Subsidenz und wiederholte Überflutung kommt es zu einer 
erneuten Ausbildung einer Überflutungsebene. Dieses allgemeine Bild wird immer wieder durch 
lokale Vegetationsunterschiede unterbrochen, die sowohl eine Verlagerung des Moores zur Randzone 
zeigen können, als auch den Einfluss von Flusssystemen oder die Ausbildung von Pionierfloren 
aufgrund von Vegetations-Einschnitten wie Waldbränden oder ähnlichem. 
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CHAPTER 1 
  
Introduction 
 
1.1  Study area 
 
For this study, cores from several wells were collected from the Prosper Haniel coal mine of the Ruhr 
Basin, western Germany. Six seam sequences of Duckmantian age were prepared and analysed. 
 
1.2  Short geological overview 
 
The Ruhr Basin is characterized by Carboniferous sedimentary rocks. As part of the Variscian fold 
belt it is located northwest from the Rhenohercynian fold-belt system and influenced by the mid-
German Crystalline Rise. The whole Variscian fold belt ranges over a distance of 2000 km from 
Poland, over Germany, Belgium, France, Britain and Ireland to Spain and Portugal.  
 
During the Pennsylvanian, the strata of the Ruhr Basin reflect the later stages of the Variscian 
(Hercynian) orogenesis. In this time period, the sedimentary rock successions were deposited in a 
tropical, humid climate coastal plain in an equatorial region, comparable with time-equivalent paralic 
basins in Europe and North America. Periodical sea level fluctuations, initiated by the glaciations on 
the southern hemisphere, became rare during Duckmantian and Bolsovian. They are reflected by the 
Katharina horizon (Katharina Marine Band), the Domina horizon (Domina Marine Band), and the 
Aegir marine band (Aegir Marine Band) which are three important correlation horizons in the 
Westphalian. During the later Westphalian, climate changed to general drier conditions which resulted 
in the Ruhr Basin in thinner and more mineral-rich coal seams. This study is focussed on the short 
time interval of about 1 to 2 million years in the Duckmantian. 
In the Ruhr Basin coals were deposited from the Yeadonian (Namurian C) until the Bolsovian 
(Westphalian C). The cumulative thickness of Pennsylvanian sedimentary rocks in the Ruhr Basin 
reaches up to more than 5000 m. Asturian (= Westphalian D) and Stephanian sedimentary rocks are 
not known within the Ruhr area.  
Pennsylvanian sedimentary rocks crop out in the southern part of the Ruhr Basin, whereas in the 
northern part they are overlain by more than 2000 m of uppermost Palaeozoic and Mesozoic 
sedimentary rocks. The thickness of Duckmantian sedimentary rocks cover nearly 800 m. Sedimentary 
rocks of the older Essen Formation were dominated by mudstone and siltstone; in the younger Horst 
Formation the sedimentary rocks became coarser and were dominated by sandstones at the top. About 
150 coal seams were deposited in the Ruhr Basin during the Pennsylvanian, 43 are of Duckmantian 
age. 
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1.3  Thesis overview 
 
This thesis presents two main objectives: (a) the analyses of different maturity parameters and (b) to 
elucidate the environmental evolution of peat building swamps and clastic substrate habitats during a 
short time period in the Duckmantian of the Ruhr Basin/Germany. 
 
This first part of the study focuses on a comparison between coal and dispersed organic matter in 
clastic sedimentary rocks. In petroleum exploration, it is important to know about quantity and quality 
of coal and dispersed organic matter. Furthermore, it also is essential to know the development of 
these parameters and how they change in the exploration area. A systematically comparison of 
parameters usually measured on source rock sequences was undertaken. In addition, kerogen 
concentrates also were analysed, to emphasize these results. Moreover, measurements on mineral-
matrix mixtures were another important goal for this part. Whereas coals present almost pure organic 
matter, other sedimentary rocks contain dispersed kerogen which is surrounded by different minerals 
like carbonates, silicates, pyrite and others. To get a better understanding of these mineral matrix 
effects in source rocks, artificial mixtures of coal and minerals were used and compared with the other 
organic petrographical results. 
 
The aim of the second part of this thesis is to describe the evolution of swamp communities in a short 
time interval during the Duckmantian. Palynology is used to define plant associations and reconstruct 
changes in the vegetation. Additional coal petrographical interpretations and sedimentological core 
description help to understand the facies conditions. Organic geochemical biomarker analyses on n-
alkanes provide information about the original organic material and climatic variations. A general 
consideration of all data enables to characterize different swamp environments and allows statements 
about changes in water level conditions. 
 
Coals, clastic and organic rich sedimentary rocks of six coal seam intervals were examined using 
different methods (maceral analyses, TOC, Rock-Eval pyrolysis, ash yield, palynology, GC analyses 
on n-alkanes). The variety of methods and the high resolution scatter of sampling imply a wide-
ranging data set providing the data base of both objectives. In addition, data are interpreted using 
statistical approaches. 
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1.3.1  Chapter 2 
 
The first part of the thesis deals with quality, quantity and maturity of coal and dispersed terrigenous 
organic matter in clastic and organic rich sedimentary rocks. Kerogen concentrates and mineral-
mixtures of different minerals and powdered lignite were also analysed.  
 
The basis of the interpretation is a large and detailed data set of 410 samples. Microscopic maceral 
analyses, TOC and Rock-Eval Pyrolysis are the favourite methods used to study the six seam intervals, 
complemented by vitrinite reflectance and ash yields. 
  
The results of these organic petrographical and Rock-Eval data, confirmed by statistical methods, are 
carried out for coal, organic rich and clastic sedimentary rocks as well as kerogen concentrates and 
allows demonstrating significant differences, especially concerning Hydrogen Index/ Oxygen Index 
values. Additionally, trends in maturity are shown for the respective seam succession. 
 
1.3.2  Chapter 3 
 
This Chapter includes the palynological analyses of 155 coal and sedimentary rock samples. In 
addition, coal petrographical data and ash yields, as represented in Chapter 2, are incorporated in the 
interpretation of this data set. These detailed investigations allowed a palynological characterization 
and environmental classification of the different seam successions.  
 
Basically, referring to published information of in situ spores, the encountered miospores were 
assigned to their parent plants in order to reconstruct the vegetation history. Six vegetational 
associations could be defined by using Detrended Correspondence Analyses (DCA). Subsequently, a 
comparison between these associations and different growing habitats was performed. Furthermore, 
typical rhythmic succession could be recognized for the seams, showing the evolution of swamps and 
variation in water level. 
 
1.3.3  Chapter 4 
 
Predominantly, the third part of this thesis deals with the coal seams themselves and contains a more 
profound study of maceral data. Further vitrinite, inertinite and liptinite measurements allow 
palaeoecologial interpretations, using different established indices as gelification index, tissue 
preservation index, vegetation index, groundwater index. Another index, the water cover index (WCI), 
based on the palynological data of Chapter 3, was introduced and correlated with these four coal 
petrographical indices.  
Chapter 1: Introduction 
4 
 
Moreover, geochemical data carried out on 55 coal and sedimentary rock samples, comprising the 
analyses of aliphatic hydrocarbons, focussed on the iso-alkanes pristane and phytane. Calculated 
geochemical parameters like pristane/n-C17, phytane/n-C18 pristane/phytane and others are used to 
support the environmental interpretation and they also were correlated with the maturity parameters 
VRr and Tmax. 
 
1.3.4  Chapter 5 
 
The final discussion summarizes the whole data set of the previous Chapters. A general discussion on 
maturity parameters and on the environmental development of the peat swamp habitats is given. 
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CHAPTER 2:  
 
Characteristics of type III kerogen in coal-bearing strata from the Pennsylvanian 
(Upper Carboniferous) in the Ruhr Basin, Western Germany: Comparison of 
coals, dispersed organic matter, kerogen concentrates and coal-mineral mixtures 
 
2.1  Abstract 
 
Quality, quantity and maturity of coal and dispersed terrigenous organic matter were studied on six 
coal-bearing intervals in Duckmantian strata (Pennsylvanian/Upper Carboniferous) of the Ruhr Basin, 
Western Germany. Between 10 and 40 samples were collected from fresh drill cores of each interval 
typically consisting of a coal seam as well as clastic roof and floor strata (sandstone, siltstone, 
claystone). Coal seams constitute about 8 vol.-% of the succession studied. The samples were analysed 
by organic petrological methods and Rock-Eval pyrolysis. Maturity expressed in terms of vitrinite 
reflectance is between 0.75 and 1.0 %. For the six successions studied, the total amount of dispersed 
organic matter in clastic rocks is about half of that stored in coal seams, both containing 
predominantly vitrinite. Significant differences between Rock-Eval parameters determined on whole 
rock samples and kerogen concentrates were observed, especially with respect to Hydrogen Index (HI) 
values. Thus, the HI of the coal is about twice as high as that of the dispersed organic matter, although 
the maceral composition is similar. The effects of minerals were further examined by Rock-Eval 
pyrolysis of artificial mixtures of coal (lignite) powder and different minerals. Reduced HI values are 
partly explained by the retention of generated hydrocarbons on mineral surfaces and partly by 
reactions of generated fluids with pyrite in kerogen concentrates.  
 
Keywords: type III kerogen, vitrinite reflectance, kerogen concentrate, Rock-Eval pyrolysis, mineral-
matrix effect, Ruhr Basin 
 
2.2  Introduction 
 
2.2.1  Objectives 
 
For petroleum exploration, knowledge of thickness, richness and quality of source rocks is a 
prerequisite, because source-related risks are among the most severe in many target areas. With 
respect to terrestrial source rock sequences, it is important to know about quantity and quality of both 
dispersed and coal organic matter (Littke et al., 1989; Gentzis et al., 1993; Cmiel and Fabianska, 2004) 
and how these features change in the exploration area. In particular, comparison of quality of coal on 
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the one hand and dispersed organic matter on the other was in the focus of our interest, and therefore a 
systematic comparison of parameters usually measured on source rock sequences was undertaken. In 
petroleum exploration areas, source rock sequences are rarely cored, so that good material is rarely 
available. Accordingly, detailed predictions on source rock quality have often to be based on limited 
and uncertain information from cuttings as well as from well logs. Organic petrography, Rock-Eval 
pyrolysis and TOC-measurements are established methods to characterize the quality and quantity of 
organic matter in sedimentary rocks and their level of thermal maturity (e.g. Espitalié et al., 1977; 
Tyson, 1995; Taylor et al., 1998; Vandenbroucke and Largeau, 2007). However, often, small coal or 
sedimentary rock pieces from cuttings are selected for organic geochemical or petrographical analysis, 
although these may not be representative of the entire source rock interval. Because this kind of 
information is not sufficient for source rock assessment, a general understanding on distribution of 
organic matter is required - in terms of quantity and quality – for petroleum exploration needs. 
Furthermore, we need to understand the effects of the mineral matrix in source rocks on petrography 
(especially vitrinite reflectance) on the one hand and on Rock-Eval parameters on the other. In coals, 
almost pure organic matter is present, whereas other sedimentary rocks in coal-bearing basins contain 
dispersed terrigenous kerogen surrounded by silicates, carbonates, and other minerals. In order to 
investigate these effects, either artificial mixtures of coal and minerals or natural rock sequences can 
be used. Here, both approaches will be presented with the major focus on the natural rock sequence. 
 
A freshly cored coal-bearing interval was chosen for systematic comparison of commonly used 
petrographic and Rock-Eval parameters. In order to investigate mineral-matrix effects which can have 
an influence on Rock-Eval response (Katz, 1983; Peters, 1986), both, whole rock samples and kerogen 
concentrates of dispersed organic matter samples were analysed and results were compared to those 
measured on coal. Finally, vitrinite reflectance data were compared for both sample sets. Vitrinite 
reflectance data are commonly used to calibrate thermal histories of sedimentary basins. However, it is 
important to know whether there are any systematic differences between values measured on coals or 
on other rocks. For example, the commonly used kinetic Easy%Ro approach to calculate vitrinite 
reflectance is based on measurements made on coal material (Sweeney and Burnham, 1990; Senftle et 
al., 1993; Barker, 1996). 
 
2.2.2  Geologic Background 
 
All samples are from the Ruhr Basin (Fig. 2-1), Western Germany. During the Late Carboniferous, the 
Ruhr Basin was situated south of the Laurussian continent, where deposition took place on a coastal 
plain in tropical, humid climate. The total thickness of the coal-bearing part reaches 3000 m. The 
layers were influenced by folding and faulting in the Late Carboniferous in the context of the 
Variscian (Hercynian) Orogeny. The Ruhr Basin (Fig. 2-1) is located close to the Rhenohercynian 
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fold-belt, where crustal shortening was more intense and folding took place earlier (Ziegler, 1990; 
Oncken et al., 2000; Littke et al., 2000).  
 
From the Namurian to the Westphalian a northward shift of the basin axis occurred in the Ruhr Basin. 
Simultaneously, marine influence ceased and fluvio-deltaic sedimentation in a paralic, tropical 
environment began to dominate (Süss et al., 2000; Süss et al. 2007). In the middle and late 
Westphalian, marine and brackish incursions became very scarce; they are reflected by Katharina and 
Domina horizons or the Aegir marine band. Süss (1996, 2005) characterized three main processes 
which controlled the cyclic sedimentation of alternating mudstone, siltstone, sandstone and coal 
seams: periodical sea level fluctuations, subsidence and autocyclic changes in facies. During the late 
Westphalian, climate changed from humid to more arid, and coal seams became thinner, scarcer and 
more mineral-rich (Littke and ten Haven, 1989). 
 
 
 
Fig. 2-1: Major geological structures of Central Europe and location of study area (modified after Hartkopf-
Fröder, 2005).  
 
In the Ruhr Basin coal was deposited from the Yeadonian (Namurian C) until the Bolsovian 
(Westphalian C). Westphalian D is not found in the Ruhr Basin, but was certainly deposited and later 
eroded (Büker et al., 1996; Karg et al., 2005). In all, more than 100 coal seams, some more than 2 
meters thick, occur in the Upper Carboniferous of the Ruhr Basin. Drozdzewski (2005) calculated the 
thickness of the Namurian as 2000 m, whereas the Westphalian is about 3000 m thick. Results were 
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obtained from fresh core samples of a short time interval, the Duckmantian (Westphalian B), which is 
in total about 800 m thick. The Duckmantian lasted between 1.5 and 2.5 million years (Fig. 2-2; 
Menning et al. 2000, 2005); as it is not covered completely by our samples, the studied interval of 
about 525 m roughly represents a time slot of between 1 and 2 million years during the Late 
Carboniferous.  
 
 
 
Fig. 2-2: Stratigraphic overview of the Upper Carboniferous in the Ruhr area  
 
Important stratigraphical studies on the Westphalian of the Ruhr Basin were performed by Oberste-
Brink and Bärtling (e.g. 1930), Oberste-Brink and Heine (1942) and later by Fiebig (e.g. 1969). Based 
on maceral analyses, important investigations concerning the coal petrography of the Ruhr Basin were 
especially performed by Teichmüller and Teichmüller (1949), Teichmüller et al. (1984) and Littke 
(1987), partly accompanied by organic geochemical data (Littke and ten Haven, 1989; Littke et al., 
1989). Scheidt and Littke (1989) published a first comparison of coal with the organic matter of 
adjacent clastic rocks, mainly based on petrographic characteristics. Whereas the afore mentioned 
paper presented data on a large stratigraphic interval, with only few samples representing each coal 
interval or coal seam, our study is based on detailed investigations on many samples from a thin 
stratigraphic interval. 
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2.3  Samples and analytical methods 
 
2.3.1  Sampling 
 
410 samples were collected from one fresh drill core in the Prosper-Haniel coal mine spanning six coal 
seams and adjacent rocks. The samples represent different environments in the sedimentary 
succession. Coal, seat earth as well as organic-rich fine-grained siltstone are the most common 
lithologies sampled.  
 
2.3.2  Maceral analyses 
 
About 2x2x2 cm³ blocks were cut from each sample and embedded in Araldit, a two-component epoxy 
resin. The samples were polished in orientation perpendicular to bedding and analysed on a Zeiss 
Axioplan microscope at 500 times magnification. On every sample 500 counts (epoxy was not 
counted) were made in order to distinguish the maceral groups vitrinite, inertinite, liptinite as well as 
mineral matter. In the case of over 10 vol.-% vitrinite + inertinite or over 10 vol.-% liptinite a more 
detailed analysis was carried out, counting telovitrinite, detrovitrinite, gelovitrinite (vitrinite group), 
fusinite, semifusinite, inertodetrinite, macrinite, micrinite (inertinite group), sporinite, cutinite, 
fluorinite, resinite, liptodetrinite and exsudatinite (liptinite group). 
 
2.3.3  Vitrinite reflectance 
 
Vitrinite reflectance was measured on polished sections using standard procedures (Taylor et al., 
1998). For each sample 100 points were analysed and a Zeiss Yttrium-Aluminium-Garnet (R = 
0.889 %) was used as standard.  
 
2.3.4  TOC-measurement 
 
The carbon content was quantified with a LECO multiphase C/H/H2O analyser (RC-412). This 
instrument operates in a non-isothermal mode with continuous recording of the CO2 release during 
oxidation thus permitting the determination of inorganic and organic carbon in a single analytical run. 
For samples which are poor in organic matter 100 mg of powdered material was analysed, whereas 
from coal and organic-rich claystone 30 mg were used. 
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2.3.5  Rock-Eval pyrolysis 
 
Rock-Eval pyrolysis was performed with a Rock-Eval II instrument of Delsi Inc. Depending on the 
TOC contents the quantities of powdered material used for the analyses ranged from 10 mg up to 
120 mg for TOC-lean clastic sedimentary rocks. The procedure is described in detail by Espitalié et al. 
(1977) and Peters (1986). 
 
2.3.6  Ash yield 
 
Coal samples (~1 g) were first powdered and the water content determined according to standard 
procedures (DIN 51718, 2002). Subsequently, the ash yield was measured using the DIN 51719 
(1997) standard procedure. Each sample was measured twice and the results were averaged. 
 
2.3.7  Kerogen concentration 
 
Kerogen concentrates were prepared from clastic rocks in order to investigate, whether Rock-Eval 
results on whole rock samples are biased by mineral-matrix effects. Siliciclastic sedimentary rocks 
were processed to concentrate kerogen using 31-33 % HCl to dissolve carbonates and 71-75 % HF for 
silicate digestion. Subsequently, silica gels precipitated following the HF treatment were removed with 
warm 31-33 % HCl. The organic residue was thoroughly washed with H2O and dried at room 
temperature. 
 
2.3.8  Coal-mineral-mixtures 
 
To study the effects of minerals on pyrolysis data, an almost mineral-free lignite (coal) sample 
(Yallourn lignite, Australia) was mixed with different minerals or with mixtures of minerals. 10 wt-% 
of lignite were mixed with 90 wt-% of minerals. Both, the lignite and the mineral component were 
pulverized prior to mixing. Organic carbon was measured with a LECO IR-112 analyzer after removal 
of inorganic carbon with hydrochloric acid. Pyrolysis was performed with a Rock-Eval II instrument 
of Delsi Inc. as described above. 
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2.4  Results 
 
2.4.1  Organic matter concentrations 
 
Table 2-1: Average values of vitrinite reflectance (%), TOC (wt-%) and Rock-Eval parameters [S2, S3, HI (mg 
HC/g TOC), OI (mg CO2/g TOC), PI, Tmax (°C)] for coals, organic-rich sedimentary rocks and clastic rocks as 
well as kerogen concentrates for all six analysed seam intervals.  
 
 seam V seam P seam M seam K seam H seam D 
VRr (coal) 0.74 ± 0.07 0.85 ± 0.03 0.91 ± 0.02 0.86 ± 0.05 0.93 ± 0.03 0.98 ± 0.05 
VRr (organic-rich sediments) 0.78 ± 0.00 0.85 ± 0.04 0.94 0.85 ± 0.00 0.97 ± 0.04 0.95 ± 0.01 
VRr (clastic rocks) 0.83 ± 0.07 0.98 ± 0.07 0.96 ± 0.06 0.93 ± 0.03 1.00 ± 0.04 0.94 ± 0.01 
TOC (coal) 65.8 ± 16.5  67.8 ± 13.1 76.8 ± 5.2 63.0 ± 11.8 76.1 ± 8.3 67.4 ± 17.3 
TOC (organic-rich sediments) 10.4 ± 5.3 13.7 ± 4.7 4.7 ± 2.7 14.1 ±  3.4 5.9 ± 1.0 9.3 ± 3.8 
TOC (clastic rocks) 1.5 ± 1.3 1.4 ± 0.6 1.9 ± 0.7 1.6 ± 0.7 1.1 ± 0.4 1.7 ± 1.7 
TOC (kerogen concentrates) 22.9 ± 17.0 12.4 ± 15.6 11.4 ± 12.3 5.9 ± 7.0 7.6 ± 12.4 15.1 ± 19.6 
S2 (coal) 160 ± 62 155 ± 60 163 ± 18 105 ± 23 153 ± 24 137 ± 39 
S2 (organic-rich sediments) 51.2 ± 66.4 30.4 ± 12.5 6.5 ± 5.0 25.1 ± 7.4 10.3 ± 2.0 18.1 ± 10.5 
S2 (clastic rocks) 1.8 ± 1.8 1.2 ± 1.1 1.4 ± 0.8 1.2 ± 0.9 1.0 ± 0.5 0.7 ± 0.5 
S2 (kerogen concentrates) 22.2 ± 15.7 18.2 ± 24.7 10.8 ± 14.4 5.7 ± 10.0 6.8 ± 13.1 15.8 ± 22.7 
S3 (coal) 3.1 ± 1.8 3.7 ± 2.1 4.1 ± 1.4 3.3 ± 2.9 5.1 ± 3.6 0.9 ± 0.6 
S3 (organic-rich sediments) 2.6 ± 4.0 0.7 ± 1.1 0.6 ± 0.5 0.9 ± 0.8 0.5 ± 0.5 0.2 ± 0.1 
S3 (clastic rocks) 1.4 ± 1.1 1.4 ± 1.0 2.0 ± 1.5 1.8 ± 1.1 1.9 ± 1.5 1.2 ± 2.7 
S3 (kerogen concentrates) 4.0 ± 4.1 1.5 ± 1.7 3.0 ± 4.5 0.8 ± 0.3 0.9 ± 1.2 2.0 ± 4.3 
HI (coal) 240 ± 60 249 ± 38 212 ± 21 168 ± 25 200 ±  21 201 ± 22 
HI (organic-rich sediments) 193 ± 41 219 ± 32 125 ± 40 177 ± 31 175 ± 2 188 ± 47 
HI (clastic rocks) 101 ± 60 94 ± 70 74 ± 32 74 ± 25 86 ± 37 59 ± 36 
HI (kerogen concentrates) 105 ± 36 136 ± 117 76 ± 25 59 ± 39 63 ± 27 70 ± 39 
OI (coal) 4.9 ± 3.1 6.0 ± 3.6 5.4 ± 1.9 5.3 ± 4.3 6.7 ± 4.4 1.4 ± 0.9 
OI (organic-rich sediments) 8.3 ± 6.3 10.3 ± 12.1 16.3 ± 19.2 6.1 ± 5.0 8.9 ± 9.8 2.0 ± 1.0 
OI (clastic rocks) 153 ± 135 103 ± 83 99 ± 50 111 ± 62 168 ± 119 38 ± 46 
OI (kerogen concentrates) 24 ± 33 22 ± 22 25 ± 27 24 ± 16 25 ± 14 29 ± 70 
PI (coal) 0.02 ± 0.00 0.03 ± 0.01 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.01 0.03± 0.00 
PI (organic-rich sediments) 0.02 ± 0.01 0.03 ± 0.02 0.08 ± 0.02 0.02 ± 0.01 0.03 ± 0.01 0.04 ± 0.01 
PI (clastic rocks) 0.10 ± 0.10 0.09 ± 0.03 0.10 ± 0.03 0.11 ± 0.10 0.08 ± 0.03 0.14 ± 0.09 
PI (kerogen concentrates) 0.06 ± 0.05 0.13 ± 0.08 0.09 ± 0.03 0.15 ± 0.06 0.23 ± 0.15 0.17 ± 0.14 
Tmax (coal) 431 ± 4 431 ± 3 443 ± 3 446 ± 5 446 ± 5 449 ± 3 
Tmax (organic-rich sediments) 433 ± 6 434 ± 6 438 ± 4 445 ± 6 444 ± 4 447 ± 5 
Tmax (clastic rocks) 459 ± 40 439 ± 10 439 ± 3 445 ± 7 453 ± 18 451 ± 6 
Tmax (kerogen concentrates) 429 ± 6 435 ± 8 437 ± 8 440 ± 4 438 ± 12 437 ± 7 
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Conventionally, coal is characterized by maceral composition (vitrinite, inertinite, liptinite, and 
mineral matter), rank (thermal maturity), ash yield or mineral content (grade) and sulphur content. 
Common minerals in coals of the Ruhr area include clay minerals, quartz, pyrite and marcasite as well 
as carbonate minerals such as siderite, ankerite (iron-dolomite), and calcite (Littke, 1987). As 
expected, the concentrations of organic matter in the samples as determined by measurement of TOC 
contents, show a great variability from 0.2 to 83.0 wt-% (Table 2-1; see also Fig. 2-5).  
 
Based on the macroscopic description, we subdivided the samples into three groups, namely coals, 
organic matter-rich sedimentary rocks (carbonaceous rocks with macroscopically visible organic 
matter), and other sedimentary rocks. The common definition of coal implies TOC contents in excess 
of 50 %. However, some samples from within the coal seams studied here have lower TOC contents 
due to the presence of thin clay layers or abundant pyrite. Therefore we chose to include into the coal 
group all samples macroscopically identified as coal. 
 
 
 
Fig. 2-3: (a) Plot of TOC (wt-%) versus total organic matter (vol.-%). The a-line shows the calculated regression, 
the 1:2-line shows the regression of Scheidt and Littke (1989). (b) Plot of ash yields (wt-%) versus TOC contents 
(wt-%) with regression line. The grey coloured areas show pyrite influenced coal. Black symbols refer to coal; 
grey ones to organic-rich sedimentary rocks.  
 
Counted maceral contents largely correlate well with TOC, and TOC correlates very well with ash 
yields (Figs. 2-3a and 2-3b). Generally, most mineral-depleted coals show ash yields of only 2 to 8 wt-
%, which is in accordance with correlations published before (Taylor et al., 1998). In contrast, coal 
that is petrographically characterized by more than 10 vol.-% mineral matter also shows, with few 
exceptions, high ash yields above 10 wt-%. TOC measurement is clearly the best way to determine 
quantitatively the amount of organic carbon, but microscopic analysis reveals the distribution of 
mineral matter in the coal samples (layers, dispersed form, on fractures, size) thus giving more 
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information on depositional conditions and diagenetic processes. TOC contents and ash yields 
correlate very well, with a linear regression (ash = 89.8 – 1.087*TOC (wt-%)) (Fig. 2-3b). Exceptions 
are a few samples with high pyrite contents. Possibly this is due to some degree of gravity separation 
of the pulverized material, because pyrite has a much higher density than organic matter. Furthermore, 
in some samples, the polished section studied microscopically does not represent the complete sample, 
on which TOC has been measured. This explains the deviations from the general trend. 
 
In organic matter-rich sedimentary rocks (carbonaceous shales) maceral contents vary between 10 and 
40 vol.-% and TOC between 5 and 20 wt-%. Other clastic rocks typically contain less than 5 vol.-% 
macerals, and the TOC is only exceptionally higher than 2 wt-%. The ratio of TOC over volume 
percentage organic matter varies from 1:2.4 for samples rich in mineral matter to higher values of 
1:1.4 for coals (Fig 2-3a). The data trend shown in Fig. 2-3a is similar to trends in earlier publications 
although the absolute ratios are somewhat higher (Smyth, 1983; Scheidt and Littke, 1989). In this 
context, Robert (1979), and Scheidt and Littke (1989) showed that mudstone often has a high amount 
of microscopically invisible organic matter, embedded in the groundmass. This fact can be an 
explanation for the deviation of the data sets and low counted organic matter content in this study, 
since the studied rock interval is dominated by mudstone or fine-grained siltstone rather than 
sandstone and coarse-grained siltstone. A further indication of some submicroscopic organic matter is 
the common fluorescence of the clay-mineral groundmass.  
 
2.4.2  Maturity 
 
Generally, mean vitrinite reflectance (VRr) values of the uppermost Carboniferous coal in the Ruhr 
Basin increase from about 0.6 % in the north to 2.2 % in the south (Littke et al., 1994; Büker et al., 
1996). Stratigraphically, the lowest vitrinite reflectance was measured in Bolsovian layers, whereas 
Langsettian and Duckmantian coal seams show a higher maturity. This general trend has already been 
established in earlier studies in this area (Teichmüller et al., 1984; Nöth et al., 2001).  
 
The average vitrinite reflectance values of the samples analysed in this study are 0.74 (±0.07) % for 
the coal, 0.78 (±0.00) % for organic-rich sedimentary rocks and 0.83 (±0.07) % for other clastic rocks 
in the uppermost seam interval (seam V). For the deepest interval (seam D) average vitrinite 
reflectance values of 0.98 (±0.05) % (coal), 0.95 (±0.01) % (organic-rich sedimentary rocks) and 
0.94 (±0.01) % (other clastic rocks) were measured (Table 2-1). As expected, vitrinite reflectance 
increases with depth and stratigraphic age, although there is some scatter. For example, older and 
deeper samples of seam K show a slightly lower average vitrinite reflectance than the younger samples 
of seam M (Table 2-1; see Fig. 2-2).  
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In general, vitrinite reflectance values of the organic matter in clastic rocks are slightly higher than in 
coal of the same seam, indicating somewhat stronger oxidation of woody particles in mineral-rich 
environments than in peat environments. Similar observations were reported by Scheidt and Littke 
(1989). The coals of the deepest seam D are the only exception.  
 
Rock-Eval Tmax values generally increase with depth and stratigraphic age, although some scatter and 
deviations from the general trend are observed. No consistent differences in Tmax values could be 
recognized between coal and clastic rocks, i.e., values of the latter are either higher or lower. Tmax 
values of the uppermost seam V are on average at 431 °C, whereas values of organic-rich sedimentary 
rocks and other clastic rocks are at 433 °C and 459 °C, respectively. In the deepest seam D, average 
Tmax values are at 449 °C for coal, at 447 °C for coaly shale and at 451 °C for other clastic rocks 
(Table 2-1). The variability of Tmax temperatures within one coal seam interval is usually in the order 
of 5 to 10° C. The general trend of Tmax and vitrinite reflectance values is in agreement with the results 
of Teichmüller and Durand (1982; Fig 2-4a), although the actual Tmax values at a given vitrinite 
reflectance are somewhat lower. 
 
 
 
Fig. 2-4: (a) Relationship between Tmax (°C) and VRr (%) for coal, organic-rich sedimentary rocks as well as 
clastic rock material. The area between the two lines shows the range of data for coal from Teichmüller & 
Durand (1982). (b) Relationship of PI values and VRr (%) for coals, organic-rich sedimentary rocks and clastic 
rocks. Most samples show low PI values.  
 
The production index (PI) can also be used as a maturity parameter, but it may be affected by 
petroleum expulsion (from source rocks) or impregnation. In Fig. 2-4b this ratio is plotted against 
vitrinite reflectance for coal, organic-rich sedimentary rocks and other clastic rocks. Clearly, coal and 
organic-rich sedimentary rocks show consistently lower PI values (see Littke and Leythaeuser 1993) 
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that do not increase significantly with maturity. In contrast, higher PI values with a tendency to 
increase with maturity are observed for other clastic rocks adjacent to the coal, indicating some 
impregnation.  
 
2.4.3  Maceral Composition 
 
Petrographic methods, if applied on coal-bearing strata, can provide information on palaeoecological 
aspects by revealing the organic facies and the evolution of peat (Esterle et al., 1989; Littke and ten 
Haven, 1989; Calder et al., 1991; Crosdale, 1993). This concept was applied to the six sections studied 
(Table 2-2).  
 
Table 2-2: Average maceral group contents for coals, organic-rich sedimentary rockss and clastic rocks for all 
six analysed seam sequences. 
 
 seam V seam P seam M seam K seam H seam D 
       
coals       
Vitrinite (mmf)  69.9 ± 19.5 67.3 ± 20.3 75.1 ± 11.0 56.8 ± 28.6 64.7 ± 17.7 52.2 ± 31.4 
Inertinite (mmf)  15.1 ± 11.2 20.5 ± 14.6 13.2 ± 8.3 30.5 ± 24.6 26.4 ± 16.9 33.9 ± 24.9 
Liptinite (mmf)  15.0 ± 9.8 12.2 ± 22.1 11.7 ± 3.6 12.8 ± 7.4 8.9 ± 2.9 13.9 ± 8.1 
       
organic-rich sediments       
Vitrinite (mmf)  72.8 ± 24.7   69.4 ± 22.1 70.0 ± 36.3 59.7 ± 35.0 79.0 ± 27.5 48.6 ± 24.5 
Inertinite (mmf)  14.4 ± 15.9 10.7 ± 11.1 25.6 ± 36.2 24.7 ± 28.9 6.2 ± 8.4 27.9 ± 18.0 
Liptinite (mmf)  12.8 ± 14.4 19.9 ± 15.7 4.4 ± 2,4 15.6 ± 10.5 14.8 ± 19.1 23.5 ± 13.0 
       
clastic rocks       
Vitrinite (mmf)  73.8 ± 25.0 72.8 ± 20.3 78.7 ± 11.9 69.5 ± 12.3 73.8 ± 21.6 79.5 ± 16.6 
Inertinite (mmf)  9.8 ± 22.5 14.0 ± 10.6 11.5 ± 9.7 1.4 ± 2.85 17.9 ± 16.3 8.3 ± 10.6 
Liptinite (mmf)  16.4 ± 18.3 13.3 ± 18.8 9.8 ± 8.2 29.2 ± 12.2 9.3 ± 11.7 12.1 ± 13.1 
 
Seam D (Fig. 2-5a) represents the oldest section, covering a depth interval of 15 meters. The bottom of 
this succession is dominated by partially laminated siltstone, followed in general by claystone/fine-
grained siltstone. The coal-bearing part is about 1 meter thick and contains two small seams of about 
40 cm and 15 cm, respectively, as well as organic-rich sedimentary rocks. The top of the succession is 
composed of laminated claystone/fine-grained siltstone. The coal of seam D is characterized by an 
alternation of vitrinite-dominated and inertinite-dominated layers. The most common vitrinite is 
detrovitrinite. Inertinite is dominated by fusinite, semifusinite and inertodetrinite, and liptinite is 
dominated by sporinite. The relative ratios of maceral groups are shown in Fig. 2-6a. The organic-rich 
sedimentary rocks show a variable composition, whereas the other clastic rocks are clearly dominated 
by vitrinite (Table 2-2).  
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Fig. 2-5a – f. Profiles of seams D (a), H (b), K (c), M (d), P (e) and V (f) showing depth (drilling depth Z for 
seams D, H, K, M and V (several vertical wells) = -916.10 m; for seam P = -1013.40 m), lithology (coal: black, 
organic-rich sedimentary rocks: dark grey, claystone: middle grey, siltstone and sandstone: light grey), TOC (wt-
%), maceral-content (vol-%, mineral matter free: mmf; vitrinite: middle grey, inertinite: light grey, liptinite: dark 
grey) and HI (mg HC/g TOC).  
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Fig. 2-5 continued: Seam H 
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The selected section of seam H (Fig. 2-5b) includes about 12 meters, presenting sandstone at the 
bottom, followed by coarse siltstone and claystone/fine-grained siltstone. The coal seam is about 1.5 m 
thick and overlain by claystone/fine-grained siltstone. Vitrinite is the most important constituent in the 
coal of seam H, partially alternating with inertinite-dominated layers. Telovitrinite and detrovitrinite 
are the most important vitrinite macerals with varying proportions. Inertinite is dominated by 
fusinite/semifusinite, liptinite by sporinite, whereas cutinite and liptodetrinite are also abundant. In 
organic-rich sedimentary rocks vitrinite is the predominant maceral group. In the clastic rocks vitrinite 
is very common, too, but some samples also contain a very high amount of inertinite or liptinite. The 
relative ratios of maceral groups are shown in Fig. 2-6b.  
 
The selected section around seam K is 11 m thick (Fig. 2-5c). The bottom is built by partially 
laminated coarser siltstone, followed by finer siltstone and organic-rich sedimentary rocks, 
representing the seat earth. The coal-bearing part is less than 1 m thick, interrupted by 30 cm of 
organic-rich sedimentary rocks. The coal seam is overlain by fine-grained to coarser-grained siltstone. 
Both coal seams show an alternation of vitrinite-dominated and inertinite-dominated horizons similar 
to coal seam D with commensurable allotments of telovitrinite and detrovitrinite. The most abundant 
inertinite is fusinite/semifusinite. Liptinite content is varying, with sporinite being most abundant. 
Organic-rich sedimentary rocks are usually dominated by vitrinite. At the bottom and top of the older 
seam inertinite and liptinite are very common. The clastic rock material is dominated by vitrinite and 
sometimes liptinite, whereas inertinite is rare. Relative ratios of maceral groups are shown in Fig. 2-
6c. 
 
At the base of the 9 m thick interval around seam M (Fig. 2-5d) fine-grained siltstone is interbedded 
with coarse-grained siltstone or sandstone overlain by a thin coal seam (30 cm). Organic-rich 
sedimentary rocks cover the coal, overlain by fine laminated siltstone. Although vitrinite is the most 
abundant maceral in the coal, inertinite content is quite high in several parts (Fig. 2-6d). Vitrinite is 
dominated by detrovitrinite, inertinite by fusinite, semifusinite and micrinite, and liptinite by sporinite. 
The organic-rich sedimentary rocks are mostly vitrinite-dominated, whereas a short interval at the 
bottom of the coal seam is dominated by inertinite. Liptinite is not very common. In the clastic rocks 
vitrinite is most abundant. The relative ratios of maceral groups are shown in Fig. 2-6d. 
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Fig. 2-5 continued: Seam K 
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Fig. 2-5 continued: Seam M 
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Fig. 2-5 continued: Seam P  
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The analysed section of seam P presents three coal seams; two thick ones and one thin layer of about 
10 cm (Fig.  2-5e). The entire studied section covers 21 meters. The bottom is built by coarser 
siltstone, followed by fine-grained siltstone and organic-rich sedimentary rocks, including a first small 
coal seam of 10 cm thickness. The next part is dominated by siltstone, followed by a 1 m thick coal 
seam, which is covered by a thin layer of organic-rich sedimentary rocks. A 10-meter-thick section of 
siltstone separates the second seam from a third coal seam of 1 meter thickness, covered also by 
organic-rich sedimentary rocks. The top of the whole section is made up of fine-grained siltstone with 
thin layers of coarser material. All three seams show a vitrinite-dominated composition of the coal. 
Inertinite and liptinite are rare in the lower part and two times more abundant in the youngest coal 
succession. Detrovitrinite is more abundant than telovitrinite. Inertinite is dominated by 
fusinite/semifusinite and liptinite by sporinite. Organic-rich sedimentary rocks contain mostly 
vitrinite; only two thin layers are dominated by inertinite and liptinite. Clastic rocks show variable 
vitrinite content. The relative ratios of maceral groups are shown in Fig. 2-6e. 
 
The youngest interval is a 20.5 meter section of seam V (Fig. 2-5f), including one major coal seam and 
several thin coal layers. In comparison with the other seams the clastic material is dominated by 
sandstone, sometimes interrupted by fine- or coarse-grained siltstone. Organic-rich sedimentary rocks 
occur at the bottom of the V-coal seams, and in places also at the top. Vitrinite is the main component 
of the coal. However, in a few samples a very high amount of liptinite and also inertinite was 
observed. Vitrinite is dominated by detrovitrinite, liptinite by sporinite, but cutinite and also fluorinite 
are also abundant. Inertinite is composed of fusinite and semifusinite. Organic-rich sedimentary rocks 
and clastic rocks are mostly vitrinite-dominated. However, some thin layers are very rich in inertinite 
and sometimes in liptinite, too. The relative ratios of maceral groups are shown in Fig. 2-6f. 
 
One typical feature of the six sedimentary successions is a fining upward sequence below the coal 
seams and a coarsening upward trend above. Most coal seams are vitrinite-dominated, but seams D 
and K show almost equal amounts of vitrinite and inertinite. In contrast, clastic rocks are dominated by 
vitrinite.  
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Fig. 2-5 continued: Seam V 
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Fig. 2-6a – f. Ternary diagrams for coal, organic-rich sedimentary rocks and clastic rocks indicating the organic 
facies of seams D, H, K, M, P and V. 
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Fig. 2-7: Plots of Rock-Eval parameters: (a) HI (mg HC/g TOC) versus Tmax (°C); coal show typically high HI 
values between 150 and 300 mg HC/g TOC, whereas clastic rocks exhibit in general lower HI values; (b) HI (mg 
HC/ g TOC) versus OI (mg CO2/g TOC); whereas coal or organic-rich sedimentary rocks show higher HI and 
lower OI values the samples of clastic rock material show a broad scatter; (c) HI (mg HC/ g TOC) versus VRr 
(%); (d) OI (mg CO2/ g TOC) versus VRr (%) 
 
2.4.4. Kerogen quality 
 
Hydrogen Index (HI) values are displayed in Figs. 2-7a, 2-7b and 2-7c and summarized in table 2-1. 
Average values for coal intervals vary from 250 mg HC/g TOC in the least mature uppermost two 
intervals to 200 in the most mature lowermost two intervals, i.e. there is a slight decrease with 
depth/maturity. This general trend is similar to observations made by Veld et al. (1993; see also 
Wilkins and George, 2002). However, coal from seam K, which is rich in inertinite, show somewhat 
lower values (160 on average). Values in organic-rich sedimentary rocks are lower by about 20 % 
without any clear depth/maturity trend (Table 2-1), whereas HI values of other clastic rocks are clearly 
lower, varying between 100 mg HC/g TOC for the uppermost intervals and 60 mg HC/g TOC for the 
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lowermost interval. The same tendency of higher values in coals compared to adjacent rocks has been 
reported before (Horsfield et al., 1988; Littke et al., 1989; Ramanampisoa et al., 1990, Littke, 1993). 
 
 
 
Fig. 2-7: Plots of Rock-Eval parameters continued: (e) S2 (mg HC/g rock) versus TOC (wt-%); the relationship 
shows type III kerogen for clastic rock material and a type II-III kerogen for coal and organic-rich sedimentary 
rocks. 
 
In Fig. 2-7, HI is plotted versus Tmax (Fig. 2-7a), vitrinite reflectance (Fig. 2-7b), and OI (Fig. 2-7c). 
Fig. 2-7c indicates that the coal is generally characterized by low OI values, as has been observed for 
other coal series before (Amijaya and Littke, 2006). According to common classification schemes, the 
coal can be regarded as types II-III kerogen (Fig. 2-7e); whereas the kerogen in the clastic rocks is 
clearly type III (Boudou et al., 1984; Killops and Killops, 2005). Thus, it can be concluded that 
hydrocarbon generation potential of coal is significantly (two to four times) higher than that of other 
clastic rocks, which is in accordance with earlier studies on other sample series (Huc et al., 1986). OI 
values are much higher for clastic rocks than for coal and decrease clearly with maturity. This trend is 
visualized in Fig. 2-7d. 
 
Organic-rich sedimentary rocks are intermediate between coal and clastic material with respect to 
Hydrogen Index, because of the difference in maceral composition. An exception is the least mature 
seam V, where the coal shows high OI values and lower HI values. As expected, there is only a poor 
correlation between HI and vitrinite reflectance due to the fact that HI depends both on organic facies 
(kerogen type) and maturity.  
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2.4.5  Kerogen concentrates 
  
In general, kerogen concentrates have higher TOC values than the corresponding sedimentary rocks 
(Fig. 2-8a; linear regression: TOCsediment = 0.33*TOCkerogen + 1.01). For some samples rich in siderite, 
however, no increase in organic matter content (TOC) could be observed, probably due to analytical 
reasons. During non-isothermal heating in the LECO carbon analyzer, siderite is decomposed at lower 
temperatures than other carbonate minerals such as calcite and dolomite. Because the low-temperature 
peak of CO2-release is attributed to organic carbon, the siderite decomposition could lead to an over-
estimation of the TOC values in the whole rock samples. This has to be taken into account, if the non-
isothermal LECO method applied here is used to determine organic carbon content.  
 
Furthermore, the kerogen concentrates of some samples rich in pyrite showed only very little 
enrichment in organic carbon content. This is due to the fact that pyrite is resistant to hydrochloric and 
hydrofluoric acid treatment (see methods: kerogen concentration). Separation of pyrite from kerogen 
by gravity segregation was not performed, because some portions of the kerogen are intimately 
associated with pyrite and thus some kerogen would have been lost by this procedure. 
 
In Rock-Eval pyrolysis, kerogen concentrates show marginally lower Tmax values (Fig. 2-8b) due to 
the mineral-matrix effect (Katz, 1983; Peters, 1986; Reynolds and Burnham, 1995) which retards the 
release of hydrocarbons in whole rock samples. The Tmax values for kerogen concentrates appear to be 
therefore more reliable. Whereas on average the difference between kerogen concentrates and whole 
rock samples is only about 2-3 °C, some samples show a difference of more than 10 °C. Overall, the 
correlation of Tmax from whole rock samples and kerogen concentrates is surprisingly poor, probably 
due to the strong effect of mineral matter. 
 
One interesting observation is that the S2-pyrolysis curves are broader for kerogen concentrates than 
for respective whole rock samples. For selected pairs of whole rock/kerogen concentrate we quantified 
this by measurement of the width of the peak at half of the maximum height. According to these 
measurements, the kerogen concentrate S2 peaks are wider by about 20-30 %.  
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Fig. 2-8: Plots of geochemical parameters measured on sedimentary rocks and kerogen concentrates: (a) TOC 
(wt-%); some samples (in coloured areas) are influenced by siderite or pyrite; (b) HI (mg HC/g TOC); (b) Tmax 
(°C); due to the mineral-matrix effect kerogen concentrates show lower Tmax values than sedimentary rock 
samples; (d) OI (mg CO2/g TOC) 
 
The cross-plot of HI values of kerogen concentrates and whole rocks (Fig. 2-8c) indicates two 
different effects. Kerogen concentrates of samples having low HI values (< 50) show higher HI values 
than their whole rock counterparts. This fact may be explained by a strong retention of generated 
hydrocarbons in the whole rock samples, leading to HI values which are too low (mineral-matrix 
effect). In contrast, kerogen concentrates of samples having HI values between 50 and 300 mg/g show 
lower HI values in the kerogen concentrates than in the whole rock samples. Two factors might 
explain this observation. On the one hand, the mineral-matrix effect is known to be less severe if high 
amounts of hydrocarbons are generated, i.e., for high S2 and HI values. The second effect is related to 
reactions between organic matter and pyrite. Minerals are known to affect pyrolysis processes to a 
different degree. Fig. 2-9 shows measured HI and Tmax values for pure coal and for mixtures of coal 
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and different minerals. Evidently, admixture of pyrite has a severe effect and reduces the HI values by 
about 40 %. These experimental results could explain the observed trend of reduced HI values in the 
kerogen concentrates, because pyrite was not removed from the whole rock samples and is therefore 
concentrated in the kerogen concentrate. This influence of pyrite is further supported by our data 
indicating low HI values for whole rock samples with high pyrite contents.  
 
 
 
Fig. 2-8: Plots of geochemical parameters measured on sedimentary rocks and kerogen concentrates (continued): 
 (e) PI; (f) HI (mg HC/ g TOC) versus OI (mg CO2/g TOC); (g) HI (mg HC/g TOC) versus Tmax (°C), showing a 
comparison between sedimentary rock samples and kerogen concentrates; (h) S2 (mg HC/g rock) versus TOC 
(wt-%). 
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PI values for kerogen concentrates are clearly higher than for the respective whole rock samples 
(Fig. 2-8e). All values are quite low in the studied samples, and therefore a mineral-matrix effect 
(sorption of S1-related hydrocarbons on clay minerals) seems to be a likely explanation for this 
observation.  
 
The OI cross-plot in Fig. 2-8d indicates much lower OI values for kerogen concentrates than for whole 
rock samples. Release of CO2 from minerals is the most likely explanation for this phenomenon. OI 
values of kerogen concentrates are quite similar to those of coal (which are even lower). We conclude 
that the OI values of whole rock samples can greatly overestimate the real OI and are not reliable. For 
kerogen characterization, the S2-TOC plot (Figs. 2-7e, 2-8h) is therefore regarded as being more 
useful than the classical HI-OI plot. Figs. 2-8f, 2-8g and 2-8h summarize the Tmax, HI, and OI data.  
 
2.4.6  Artificial coal-mineral mixtures 
 
In order to demonstrate the effects of mineral matter on pyrolysis results, pulverized mixtures of 
10 wt-% coal (Yallourn lignite from Australia) and 90 wt-% of different minerals were analysed. TOC 
values of these mixtures were constantly at 6 wt-%. Selected results of this study are shown in Fig. 2-
9. Clearly, the artificial mixture cannot completely represent the intimate mixture of kerogen and 
minerals in rocks. Nevertheless, some basic effects can be demonstrated (see also Espitalié et al., 
1980; Horsfield and Douglas, 1980). The results (Fig. 2-9) suggest that all minerals reduce the 
Hydrogen Index (HI) values so that the highest value is reported for pure lignite. All other samples 
have lower values and partly the HI is reduced by more than 50 %. Especially iron-bearing minerals 
(pyrite, hematite, siderite) and some clay minerals (montmorillonite, illite) have a strong effect on HI-
values, whereas the effect of quartz, kaolinite, calcite, and dolomite is small. The largest effect was 
observed for iron hydroxide (goethite: not reported in Fig. 2-9, because it rarely occurs in unweathered 
organic matter-rich samples and coals; Ward, 2002). The Rock-Eval Tmax values are also affected by 
minerals, especially by siderite and montmorillonite and are lowest for the pure lignite (solid line in 
Fig. 2-9). The kerogen concentrates used here are depleted in silicates and carbonates but enriched in 
pyrite/marcasite which is not decomposed by hydrochloric and hydrofluoric acid treatment. Therefore 
the results on the lignite-pyrite mixture should be kept in mind in any interpretation of Rock-Eval 
results for kerogen concentrates. 
 
  
Chapter 2: Characteristics of type III kerogen 
31 
 
2.5  General Discussion 
 
2.5.1  Maceral composition and quality 
 
In general, organic matter in most coals, carbonaceous rocks and other clastic sedimentary rocks of the 
studied Duckmantian (Westphalian B) interval is dominated by vitrinite (see also Littke, 1987; Scheidt 
and Littke, 1989) with variable contributions of inertinite and liptinite. The results of this study 
support this finding. For the coal, three different facies types (A, B, C) have been distinguished. A 
more detailed facies study will be presented in a separate contribution, taking also palynological 
results into account.  
(1) Type A coal has a low mineral matter content, as a rule less than 2 vol.-%, and is dominated by 
vitrinite.  
(2) Type B coal also possesses a low mineral matter content, but inertinite and liptinite are the 
dominant macerals, building up to 70-75 vol.-% of the whole maceral matter. Mostly the inertinite 
macerals consist of degraded/oxidized remains of wood, but residues of oxidized sporinite or other 
liptinites occur as well indicating forest fires and/or fungal activity (Scott and Glasspool, 2007). This 
facies is interpreted as residue of a former raised bog (domed mire) (Littke and ten Haven, 1989; Greb 
et al. 1999).  
(3) Type C coal has a higher percentage of mineral matter, mostly between 10 and 25 vol.-% and are 
dominated by vitrinite. These coal is interpreted as swamp deposits resulting from a deposition in a 
(permanently) flooded topographical depression. Because of differences in maceral content, it is 
possible to subdivide two subtypes. In coal type C1 vitrinite is clearly predominant, often at about 
90 vol.-% of all macerals. Detrovitrinite is the most common maceral subgroup and shows values of 
45 vol.-% of all vitrinite and inertinite. Much type C1 coals are impoverished in inertinite (less than 
10 vol.-%). Liptinite is usually between 5 and 10 vol.-%. Coal type C2 contains partly more than 
30 vol.-% of inertinite and liptinite, even though vitrinite is most abundant.  
 
Dispersed organic matter also contains abundant vitrinite which is partly derived from roots and partly 
from well preserved wood fragments. High sedimentation rates in the rapidly subsiding Ruhr Basin 
(Littke et al., 1994; Süss et al., 2000) probably helped to preserve these woody particles. On average, 
vitrinite content of clastic rocks is even higher than in coal, indicating a good preservation. Thus, the 
dispersed kerogen of the clastic rocks has to be considered as a significant additional source for 
petroleum generation, in particular for gas generation. However, studies on other coal-bearing basins 
indicated a higher percentage of inertinite in the dispersed kerogen as compared to the coals, 
suggesting a reduced petroleum generation potential there (Littke, 1993). Furthermore, the higher 
vitrinite reflectance of the dispersed vitrinite (Table 2-1) indicates the preserve of subhydrous vitrinite. 
This is supported by the low HI values in comparison to the coal. 
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2.5.2   Storage of organic carbon in coals and clastic rocks 
 
The total amount of kerogen stored in the clastic rocks is also significant. The average TOC value for 
the studied samples is 1.57 wt-%, whereas it is at 68.7 wt-% for the coal, about 40 times higher. 
However, the coal seams only contribute about 5 vol.-% to the total Carboniferous interval (Scheidt 
and Littke, 1989) and 8 vol.-% to the studied six intervals, so that the total amount of organic matter 
stored in coal is only about twice as high as that stored in dispersed kerogen in clastic rocks. In other, 
less coal-rich clastic intervals, the percentage of dispersed kerogen of coal may be even larger, e.g. in 
the Upper Carboniferous of northern Germany/Netherlands, where the same succession acts as 
important gas source rock (Lutz et al., 1975). 
 
2.5.3  Thermal maturity (vitrinite reflectance) 
 
Our data show that there is some difference between vitrinite reflectance values measured on coals or 
on other sedimentary rocks. In five out of six depth intervals, the mean value for the coals is lower, 
whereas in one interval it is higher than in the organic lean sedimentary rocks (Table 2-1). The 
difference between organic matter-rich sedimentary rocks and coals is, however, negligible. These 
observations are similar to those made in earlier studies by Scheidt and Littke (1989). In coals, 
vitrinite reflectance is commonly measured on telovitrinite (syn. telocollinite; Taylor et al., 1998), i.e. 
thick, rather homogeneous bands composed almost entirely of vitrinite. This material is known to have 
higher reflectance values than matrix vitrinite in coal (detrovitrinite, syn. desmocollinite). Dispersed 
vitrinite in rocks other than coal seems to be derived mainly from the same precursors as telovitrinite, 
i.e. wood fragments, because it occurs mainly in the form of monomaceralic particles. Combinations 
of vitrinite with liptinite and/or inertinite are rare and mainly restricted to large coal clasts. Therefore, 
a similar woody precursor material can be assumed for both, dispersed vitrinite and telovitrinite in 
coals. The slightly higher reflectance established for dispersed vitrinite may indicate a higher degree of 
degradation of the dispersed vitrinite precursors. This is also supported by the higher reflectance 
values of vitrinites found in sandstones as compared to those from shales (Scheidt and Littke, 1989). 
 
The fact that the lowermost interval shows the reverse relationship, i.e. higher reflectance in coals than 
in dispersed vitrinite (Table 2-1) might be related to the fact that optical properties of different organic 
particles become more and more similar with increasing maturity.  
 
Clearly, the observed trends and differences depend to a certain degree on precursor material which 
can vary, even within the coal facies. This might explain the fact that seam M (a rather pure coal) has 
higher average vitrinite reflectance values than the underlying seam K which is rich in clay mineral 
layers. 
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2.5.4  Comparison of Rock-Eval parameters with respect to petroleum generation  
 
The sampled interval is characterized by coal of high volatile bituminous coal rank and shows a 
normal maturity trend of about 0.7 to 1.0 % VRr, whereas the Tmax values of Rock-Eval pyrolysis are 
somewhat lower than reported in the literature (Fig. 2-4a; Teichmüller and Durand, 1982; compare 
Littke et al., 1989). As a rule of thumb, 0.8 % VRr roughly corresponds to a Tmax of 430 °C and 1.0% 
VRr to a Tmax of 440 °C. This thermal maturity corresponds to the oil generation window. PI values are 
another measure of maturity, but do not increase with increasing thermal maturity of the coal. This fact 
has been taken as an argument in favour of a very effective migration of generated products out of the 
coal, i.e., high expulsion efficiency (Durand and Paratte, 1983). However, the amount of solvent 
extracts from coal has been proven to increase strongly in the same maturity range (e.g. Leythaeuser 
and Welte, 1969), so that this concept of strong expulsion may only hold true for hydrocarbons sensu 
strictu rather than N,S,O compounds which may not be released in the S1-peak. Only at maturities 
greater than 1.3 % VRr, the micropore volume starts to increase significantly (Prinz and Littke, 2005). 
This fact is tentatively taken as an indication for late expulsion of hydrocarbons from coal and might 
explain, why mainly gas and little oil is expelled. PI values of clastic rocks behave in a “more 
conventional” fashion, increasing with increasing maturity (Fig. 2-4b).  
 
Coal is classified as kerogen type II to III, having HI values between 150 and 300. Similar results were 
obtained for other Upper Carboniferous coal-bearing sedimentary intervals (e.g. Kotarba et al., 2002). 
Both HI and S2 values indicate a moderate hydrocarbon generation potential for the coal. Due to the 
fact, that coal preserve most of the bitumen generated at low temperatures (i.e. in the “oil window”, 
bitumen is partly not expelled) they preserve much more hydrogen in the catagenetic stage than 
conventional oil source rocks. Therefore and due to the high content of methyl groups they are 
regarded as excellent gas source rocks (Littke and Leythaeuser, 1993). In comparison to the coal, 
adjacent clastic rocks show much lower S2 values and clearly lower HI values. Although the total 
amount of dispersed kerogen in these adjacent clastic rocks may be in the order of 50 to 100 % of the 
organic matter of the coal seams (Scheidt and Littke 1989 and references therein) its hydrocarbon 
generation potential can be estimated to be much lower. The lower HI values are due to the stronger 
degradation of phytoclasts as compared to the peat environment in which woody particles are better 
preserved.   
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2.5.5  Kerogen concentrates versus whole rock samples 
 
Rock-Eval results are commonly used in the petroleum industry in order to evaluate the hydrocarbon 
generation potential and maturity of organic matter-bearing sedimentary rocks. However, results are 
known to be influenced by the mineral matter of the rocks which can interact with the kerogen 
generated petroleum fluids. This “mineral-matrix” effect leads to sorption of generated hydrocarbons 
at mineral surfaces, but also to oxidation of generated hydrocarbons (Katz, 1983; Borrego et al., 2000). 
 
 
 
Fig. 2-9: Tmax (°C) and HI (mg HC/ g TOC) values of pure lignite – mineral-mixtures in relation to the average 
values of the six analysed seams. 
 
In the present study, some interesting differences between kerogen concentrates and whole rock 
samples were observed. The greater width of S2-peaks measured on kerogen concentrates as compared 
to the respective whole rock sedimentary rock samples might reveal intense reaction between kerogen 
and pyrite. Future investigations will reveal, whether width of the S2-peak can be used in future to 
predict more about the petroleum generation characteristics of source rocks. For this purpose, 
pyrolysis studies at different heating rates should be combined with Rock-Eval pyrolysis (see Peters et 
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al., 2006). With only few exceptions the Tmax-values for the kerogen concentrates were lower than for 
whole rock samples. This is attributed to the retention of generated hydrocarbons on clay mineral 
surfaces present in the whole rock samples. Thus, hydrocarbons are released towards the detector 
somewhat later, i.e. at slightly higher temperature than in the case of kerogen concentrates, where no 
such reaction takes place. Thus with respect to kerogen characterization the Tmax values of kerogen 
concentrates seem to be more reliable than those of whole rock samples, especially since pyrite does 
not seem to have a great effect on Tmax (Fig. 2-9). 
 
HI values of whole rock samples are lower than those of the corresponding kerogen concentrates in the 
HI range between 0 and 50 mg HC/g TOC. The respective rocks are characterized by low TOC values 
and low sulphur contents; thus the sulphur/pyrite content of the kerogen concentrates is low as well. In 
the HI range >50 mg HC/g TOC the kerogen concentrates have lower hydrogen indices than the 
corresponding whole rock samples. This is tentatively explained by the higher pyrite contents of the 
kerogen concentrates that reduce the pyrolytic hydrocarbon generation and expulsion. Therefore, 
kerogen concentrates rich in pyrite are not likely to provide realistic estimates of a “true” petroleum 
generation potential, but may underestimate the whole rock generation potential. In summary, Rock-
Eval data of whole rock samples yield a good estimate of the petroleum generation potential, but are 
quantitatively influenced by surrounding mineral matter. Especially high concentrations of iron-
bearing minerals such as hematite, pyrite, and siderite as well as of specific clay minerals such as 
montmorillonite and illite (see Fig. 2-9) greatly influence HI values.  
 
2.6  Conclusions 
 
The Carboniferous sedimentary interval studied here is characterized by high contents of organic 
matter that is partly residing in coal seams in concentrated form and partly dispersed in clastic 
sedimentary rocks. Within this interval the total amount of organic matter in the coal seams is about 
twice as high as that stored in the clastic rocks. Both, coal and dispersed organic matter are dominated 
by vitrinite. 
 
Vitrinite reflectance and Tmax values increase with increasing stratigraphic age and depth in the studied 
interval, although with some scatter. This general pattern was to be expected due to the general pre-
kinematic coalification of the area (e.g. Büker et al., 1996; for exceptions see Nöth et al., 2001). 
Vitrinite reflectance values measured on clastic rocks are on average somewhat higher than those 
measured on coals. This may have some impact on reconstructions of temperature histories using 
numerical modelling techniques (Sweeney and Burnham, 1990; Senftle et al., 1993; Barker, 1996).  
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PI values of coal are significantly lower than those of clastic rocks, especially at higher levels of 
maturity. This indicates that S1-peaks corresponding to the amounts of generated bitumen are 
consistently lower for coals than for clastic rocks, even at an elevated level of maturation (about 
1.0 %VRr). This observation can be attributed to a strong retention of mainly highly polar compounds 
in coal matrix and/or to a high expulsion efficiency of hydrocarbons from coals (see Littke and 
Leythaeuser, 1993; Wilkins and George, 2002 for extensive reviews). 
  
Hydrogen Indices are about twice as high for coals as for dispersed type III kerogen, although the 
petrographic composition is quite similar. In contrast, Oxygen Indices are much higher for dispersed 
type III kerogen than for coal. This is partly explained by a stronger degradation of vitrinite precursor 
material in the clastic environments as compared to the peat environments. However, Oxygen Indices 
are clearly also influenced by decomposition of carbonate, especially siderite. Hydrogen Indices of 
dispersed kerogen are influenced by mineral-matrix effects (retention of generated organic products on 
mineral surfaces). Clastic rocks rich in organic matter, so-called carbonaceous claystone, behave more 
like coal than like other clastic rocks with high HI values (Fig. 2-7e). The findings imply that HI 
values provide important information on petroleum generation potential, but that quantitative 
conclusions have to be drawn with care, because these values are likely to be influenced by factors 
other than kerogen quality and maturity. 
 
Kerogen concentrates can be used to obtain additional information on petroleum potential and 
maturity. With respect to Tmax values, information from kerogen concentrates seems to be superior to 
that from whole rock samples. The situation is different, however, with respect to HI values/petroleum 
potential, as far as pyrite- and organic matter-rich samples are concerned. Experiments with artificial 
mixtures of coal and minerals (Fig. 2-9) show that reactions with pyrite seem to reduce HI values of 
kerogen concentrates significantly. 
Chapter 3: Palaeoecological evolution of Duckmantian wetlands 
 
37 
 
CHAPTER 3 
 
Palaeoecological evolution of Duckmantian wetlands in the Ruhr Basin (western 
Germany): a palynological and coal petrographical analysis 
 
3.1  Abstract 
 
For this study, six seam sequences of Duckmantian age from the Ruhr Basin, western Germany, were 
analysed. 155 samples from drill cores were examined, including coal samples, as well as organic-rich 
and clastic sedimentary rocks. All samples were analysed using palynological and coal petrographical 
techniques. Based on published information of in situ miospores the encountered dispersed miospores 
were assigned to their parent plants in order to reconstruct the vegetation history. Six vegetational 
associations were identified using Detrended Correspondence Analyses (DCA): lepidocarpacean 
association I, lepidocarpacean association II, lepidocarpacean – sigillarian association, 
lepidocarpacean – sphenophyll association, lepidocarpacean – fern association, and the subarborescent 
lycopsid association. 
 
Lycospora is the most important constituent in the miospore association as in 75 % of all samples the 
genus is represented with more than 50 % relative abundance. Lepidocarpaceans such as 
Lepidophloios and Lepidodendron are very common among the plant fossils. Hence, arborescent 
lycopsids dominated the vegetation of the Ruhr Basin during the mid and late Duckmantian, forming 
flood plains and planar forest mires. Variations in the plant environment are reflected by greater 
influence of sigillarians, which were typical for swamp margins or for domed swamps, characterized 
by stunted vegetation. Fern dominated environments were rare during the Duckmantian. 
 
A typical rhythmic succession shows an evolution from clastic flood plains through peat substrate 
planar mires, followed by a doming of the swamp and formation of ombrogenous mire. Flood plains 
reappeared during periods of subsidence, accompanied by a rise in water level.  
 
Keywords: palynology, coal petrography, palaeoecology, Duckmantian/Pennsylvanian, Ruhr 
Basin/Germany 
 
3.2  Introduction 
 
To understand the ecology and evolution of Pennsylvanian coal mires many geological studies, 
including palynology, palaeobotany, sedimentology, coal petrography and geochemistry, have been 
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carried out using material from coal basins, in e.g.  Britain (e.g. Marshall and Smith, 1964; Cleal, 
1997, 2005), Germany (e.g. Josten and van Amerom, 1999; Süss et al., 2000), Poland (e.g. Górecka 
and Górecka-Nowak, 1990; Nowak and Górecka-Nowak, 1999), the Czech Republic (e.g. Opluštil et 
al., 1999; Šimůnek and Bek, 2003), North America (e.g. Phillips, 1981; Demko and Gastaldo, 1992; 
Pryor, 1996; Eble et al. 2001, 2006; Greb et al. 2008), and China (e.g. Hilton and Cleal, 2007; Feng et 
al. 2008). 
 
During the Pennsylvanian the flora of the wetland environments clearly differs from the drier extra-
basinal (Pfefferkorn, 1980) plant associations. However, preservation potential of the extra-basinal 
elements was extremely low due to the long distance of transport to the depositional centre. In 
contrast, sedimentary rocks of the wetlands are characterized by abundant and well preserved plant 
fossils.  
 
Due to profound palaeomorphological and palaeoecological modifications, terrestrial vegetation 
changed considerably during the Pennsylvanian. The Westphalian is characterized by the dominance 
of lycopsids occurring in wetlands, particularly in topogenous swamps. The Variscan tectonic event 
and the following climatic changes during late Westphalian and early Stephanian resulted in a drastic 
modification in vegetation (Kerp, 1996). Most lycopsid plants were replaced by ferns, which then 
colonized lowland habitats and also drier soils, along with seed ferns. Cordaites also were common in 
mid Westphalian wetlands, but were most abundant in Pennsylvanian extra-basinal floras, co-
occurring with conifers during the Stephanian. Changes in vegetation associations from the 
Westphalian to Stephanian likely are related to changes in palaeoclimate tied to ice dynamics, as well 
as atmospheric carbon dioxide concentrations (e.g. DiMichele et al., 1996, DiMichele and Gastaldo, 
2008; DiMichele et al., 2009).  
 
This study concentrates on plant evolution during the Duckmantian in the Ruhr Basin, north-western 
Germany. The Ruhr Basin is a very well known coal bearing area of Carboniferous age. The 
Pennsylvanian wetlands of the Ruhr Basin are represented mainly by peat-accumulating coal-swamp 
environments and clastic substrate wetlands (“clastic swamps”). In the latter, flood basin vegetation 
flourished. In clastic substrate wetlands the flora was diverse and allochthonous to parautochthonous, 
whereas in the mires diversity was lower and the flora was essentially autochthonous (Calder et al., 
1996; Gastaldo et al., 2004). However, both habitats were dominated by the same basic plant groups.  
Due to diagenetic and biological processes, coal bed macrofloras usually cannot be studied directly 
from coal seams, apart from permineralized coal-balls. Because most Pennsylvanian dispersed 
miospores can be assigned to at least major plant groups (e.g. Smith and Butterworth, 1967; Ravn, 
1986; Balme, 1995), palynology is extremely helpful to decipher vegetational patterns during the 
deposition of coal seams (e.g. Marshall and Smith, 1964; Eble and Greb, 1997; Pittau et al., 2008). In 
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addition, coal petrography can be used to substantiate palynological interpretations. Because of the 
low thermal maturity (vitrinite reflectance 0.7 % to 1.1 %; Jasper et al., 2009) of Duckmantian 
sedimentary rocks in the Ruhr Basin, miospore preservation usually is good enough for a detailed and 
far-reaching palynological study.  
 
Palynological and palaeobotanical aspects of the Pennsylvanian in the Ruhr Basin have been 
intensively investigated (for a summary see Hartkopf-Fröder, 2005; Josten, 2005). However, these 
studies mainly focus on miospore taxonomy, palynostratigraphy and seam correlation. 
Palaeoecological interpretations using palynology as well as coal petrography and based on closely 
spaced samples have not been undertaken so far. In addition, previous palynological publications 
concentrated on coal samples while siliciclastics were more or less ignored. As it is now well known, 
coals yield a less diverse and local miospore assemblage while in siliciclastics diversity is higher due 
to mixing of miospores originating from different environments. Due to extensive drilling and mining 
activities, the Pennsylvanian macroflora of the Ruhr Basin is remarkably well known and has been 
published in monographs by Josten (1983, 1991, 2005), Josten and van Amerom (1999, 2003) and Uhl 
and Cleal (2009). 
 
 
 
Fig. 3-1: Stratigraphic overview of the Pennsylvanian in the Ruhr area. 
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In this study we have focused on a short time interval, consisting approximately 1 to 2 million years in 
the mid Duckmantian. Overall, the Duckmantian time interval lasted between 1.5 and 2.5 million years 
(Menning et al., 2000, 2005, Fig. 3-1). In particular this paper deals with palynology and coal 
petrography, to allow for a palaeoecological interpretation of the examined area.  
 
3.3  Geological Setting 
 
In Europe, the Variscan fold belt stretches over a distance of 2000 km and includes parts of Poland, 
Germany, Belgium, France, Britain and Ireland (Fig. 3-2). The Ruhr Basin is part of the Variscan 
Foreland Basin system, located northwest of the Rhenohercynian fold-belt and influenced by the mid-
German Crystalline Rise (Ziegler, 1990; Littke et al. 2000). In the Pennsylvanian, the strata of the 
Ruhr Basin reflect the later stages of the Variscan orogenesis. From the Namurian to Westphalian, the 
depocentre of the Ruhr Basin shifted to the north. Simultaneously, marine influence decreased and 
fluvio-deltaic sedimentation of paralic environments under tropical climate began to dominate (Süss et 
al., 2000). Marine and brackish ingressions became very rare during the Duckmantian and Bolsovian. 
They are reflected by the Katharina Marine Band, the Domina Marine Band, and the Aegir Marine 
Band (Fig. 3-1). Periodical sea level fluctuations, subsidence and autocyclic changes in facies 
controlled the alternating sedimentation of mudstone, siltstone, sandstone and coal seams (Süss, 1996, 
2005). Sea level fluctuations were triggered by the glaciation on the southern hemisphere (e.g. 
Fielding et al., 2008 and references therein). Preserved palaeosols occur as grey to black coloured seat 
earth/gleys, which were developed in semi-permanent waterlogged to water-covered grounds such as 
flood plains, and were an indicator of a humid tropical climate (Selter, 1990; Pagnier and van 
Tongeren, 1996; Hampson et al., 1999). This climate is characteristic for the tropical latitudes on the 
northern hemisphere during the Duckmantian (e.g. Davies, 2008; Gibling and Rygel, 2008) and was a 
prerequisite for the formation of extensive coal deposits all over Europe. Climate change to generally 
drier conditions occurred not before the latest Westphalian/early Stephanian (Selter, 1990; DiMichele 
and Phillips, 1996; DiMichele et al., 2001). The cumulative thickness of Pennsylvanian rocks in the 
Ruhr Basin reaches up to more than 5000 m, of which Namurian rocks cover 2000 m and Westphalian 
rocks more than 3000 m (Fiebig, 1969; Wrede, 2005b). Asturian and Stephanian rocks are not known 
within the Ruhr area. The Pennsylvanian sedimentary succession crops out in the southern part of the 
Ruhr Basin, whereas in the northern part they are overlain by more than 2000 m of uppermost 
Palaeozoic and Mesozoic rocks. Duckmantian sedimentary rocks comprise the Essen and the Horst 
formations. The Essen Formation has an average thickness of 450 m, dominated by mudstone and 
siltstone with only a few coarser layers of sandstone. The Horst Formation reaches 340 m on average, 
with sandstone sequences dominating at the top. The thickness increases from the southern part of the 
basin to the north.  
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Fig. 3-2: Major geological structures of Central Europe and location of study area. Extent of Pennsylvanian 
sedimentary rocks following Wrede (2005a). In some areas only very few outcrops or boreholes exist and hence 
the limit of the Pennsylvanian sedimentary rock extent is not known. 
 
In the Ruhr Basin, more than 150 coal seams occur, of which the lowermost is of Yeadonian 
(Namurian C) age and the uppermost of Bolsovian age (Wrede, 2005b). In the lower Duckmantian 
Essen Formation, 28 coal seams occur in the Ruhr Basin, whereas there are 15 seams or seam 
sequences in the upper Duckmantian Horst Formation. Coal seams are generally fewer in the Lower 
and Middle than in the Upper Essen Formation. In the Horst Formation the overall coal thickness 
reaches between 12–27 m, whereas in the Essen Formation coal content varies between 15–30 m 
(Wrede, 2005b). Coal seams of Bolsovian and Asturian age became increasingly scarce, thinner and 
more mineral-rich. Hence, it is believed that during late Westphalian the climate changed from humid 
to seasonally dry (Littke, 1987; Littke and ten Haven, 1989). 
 
Limnic or brackish to fresh water invertebrates such as ostracodes, non-marine bivalves or 
foraminifers provide stratigraphic control in Duckmantian sedimentary rocks of the Ruhr Basin, as do 
invertebrates and microfossils in the marine bands. The Katharina horizon of the Essen Formation 
shows a Goniatite-Pterinopecten-Facies in the eastern part of the basin, a Lingula-facies in the middle 
and fish remains in the western part. In addition, conodonts are common. The Domina horizon of the 
Horst Formation contains Pterinopecten, Lingula, foraminifers, ostracodes and fish remains. In both 
the marine and non-marine facies, bioturbation is common. However, as significant fossil horizons are 
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rare in the Horst Formation, lithostratigraphical correlations are mainly based on kaolin coal-tonsteins 
(for more details see Wrede, 2005b). 
 
3.4  Material and Methods 
 
220 samples from six coal seams, including the over- and underlying siliciclastic sedimentary rocks, 
were collected from underground drill cores in the Prosper-Haniel coal mine (Fig. 3-2). Coal and 
organic-rich, fine-grained siltstone were the most common lithologies sampled. The samples represent 
different environments in the sedimentary sequence. The drill cores were lithostratigraphically 
examined by the DMT (Deutsche Montan Technology), which also provided the coal seam 
identification.  
 
For palynological investigation, standard methods were used both for clastic material and coal (Wood 
et al., 1996). Clastic sedimentary rocks were dissolved in hydrofluoric acid (71-75 %) and treated with 
hot hydrochloric acid (31-33 %). Coal samples were prepared with nitric acid (64 %) followed by 
potassium hydroxide (10 %) treatment. All samples were sieved with 10 µm polyester fabric and the 
residues stored in alcohol. Permanent strew mounts were prepared with PVA as the mounting medium 
and Eukitt as the embedding medium. Following Eble (1996, 2002), Eble and Greb (1997) and Shaver 
et al. (2006), 250 miospores per sample were counted. Table 3-1 shows the terms used to express the 
range of percentages. All residues are housed in the Geological Survey of North Rhine-Westphalia. 
For coal petrographic analyses, 2x2 cm blocks were cut from the same samples and embedded in 
Araldit, a two component epoxy resin. The samples were orientated perpendicular to bedding, polished 
and analysed at a 500 x magnification (see Taylor et al., 1998). Per sample 500 counts were made in 
order to distinguish the maceral groups vitrinite, inertinite, liptinite as well as mineral matter (epoxy 
was not counted). In the case of over 10 vol.-% vitrinite and inertinite a more accurate analysis was 
performed to characterize telovitrinite, detrovitrinite, gelovitrinite, fusinite/semifusinite, 
inertodetrinite, macrinite and micrinite. Provided that liptinite reached more than 10 vol.-%, sporinite, 
cutinite, fluorinite, resinite, liptodetrinite and exsudatinite were counted separately. 
 
Table 3-1: Definition of miospore abundance, compared with Grebe (1972) and Schweitzer and Hölscher (1991). 
 
 Grebe (1972) &  
Schweitzer and Hölscher (1991) this work 
 percentage definition percentage counts definition 
1.      
2. > 25.0 % dominant (Grebe: regularly) 20.0 – 50.0 % 51 – 125 dominant 
3. 10.0 – 25.0 % very common 10.0 – 20.0 % 26 –   50 very common 
4. 5.0 – 10.0 % common (Grebe: sporadic) 4.0 – 10.0 % 11 –   25 common 
5. 1.5 –   5.0 % moderately common 2.0 –   4.0 % 6 –   10 moderately common 
6. 0.5 –   1.5 % rare 0.4 –   2.0 % 2 –     5 rare 
7. 0.1 –   0.5 % very rare 0.4 % 1 very rare 
8. < 0.1 % extremely rare    
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3.5  Dispersed miospores, parent plants, and their habitat  
 
Table 3-2: The main plant groups with miospores and parent plants. Additional references to Smith and 
Butterworth (1967), Ravn (1986) and Balme (1995) are shown in column 5. 
 
plant family/order miospore genus 
parent plants 
(mainly from the 
Pennsylvanian of Europe) 
in the Ruhr Basin 
encountered parent 
plants 
additional 
references 
arborescent lycopsids - 
Sigillariostrobaceae Crassispora Sigillariostrobus/Mazocarpon 
Sigillaria (13 species), 
Sigillariostrobus (1 species)  
arborescent lycopsids - 
Lepidocarpaceae Lycospora 
e.g. Flemingites spp., Lepidostrobus 
spp., Bothrodendrostrobus watsonii  Bek and Opluštil, 2004 
arborescent lycopsids - 
Lepidocarpaceae Granasporites/Cappasporites 
Achlamydocarpon varius  
(= Lepidostrobophyllum varius, 
Lepidostrobus foliaceus, 
Lepidostrobus maslenii; see Balme, 
1995) 
  
subarborescent 
lycopsids - 
Sporangiostrobaceae 
Cingulizonates Omphalophloios (Sporangiostrobus, Bodeodendron)  
Bek and Straková, 1996; 
Coquel and Brousmiche 
Delcambre, 1996; Bek and 
Opluštil, 1998 
subarborescent 
lycopsids - 
Sporangiostrobaceae 
Cristatisporites Omphalophloios (Sporangiostrobus, Bodeodendron)  
Bek and Straková, 1996; 
Coquel and Brousmiche 
Delcambre, 1996; Bek and 
Opluštil, 1998 
subarborescent 
lycopsids - 
Sporangiostrobaceae 
Densosporites 
Omphalophloios (Sporangiostrobus, 
Bodeodendron), Porostrobus 
canonbiensis 
 
Bek and Straková, 1996; 
Coquel and Brousmiche 
Delcambre, 1996; Bek and 
Opluštil, 1998 
subarborescent 
lycopsids - 
Sporangiostrobaceae 
Radiizonates Omphalophloios (Sporangiostrobus, Bodeodendron)  
Bek and Straková, 1996; 
Coquel and Brousmiche 
Delcambre, 1996; Bek and 
Opluštil, 1998 
subarborescent 
lycopsids - 
Sporangiostrobaceae 
Vallatisporites Omphalophloios (Sporangiostrobus, Bodeodendron)  
Bek and Straková, 1996; 
Coquel and Brousmiche 
Delcambre, 1996; Bek and 
Opluštil, 1998 
subarborescent 
lycopsids - 
Chaloneriaceae 
Endosporites Polysporia/Chaloneria  Peppers, 1997; Eble et al., 2006; Bek et al., 2009 
herbaceous lycopsids - 
Selaginellaceae Cirratriradites 
Selaginella, Hexaphyllum 
 
 
Paurodendron  
 
Rößler and Buschmann, 
1994; Thomas, 1997, 2005; 
Bek et al., 2001, 2008; 
Rowe and Galtier, 1989; 
Thomas, 1997, 2005; Bek 
et al., 2001, 2008; 
DiMichele et al., 2002 
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plant family/order miospore genus 
parent plants 
(mainly from the 
Pennsylvanian of Europe) 
in the Ruhr Basin 
encountered parent 
plants 
additional 
references 
herbaceous lycopsids - 
unknown affinity Anacanthotriletes see also discussion in Ravn, 1986: 65   
tree ferns - Marattiales Punctatosporites Asterotheca spp., Pecopteris spp., Scolecopteris spp.   
tree ferns - Tedelaceae Raistrickia Senftenbergia plumosa, Ankyropteris brongniartii, Tedelea glabra  Senftenbergia plumosa  
Bek and Pšenička, 2001 
 
tree ferns - Tedelaceae Reticulatisporites Chacassopteris concinna, Eopteridangium dictyosporum   
tree ferns - Tedelaceae Savitrisporites Senftenbergia sturi   
tree ferns - 
Gleicheniaceae Triquitrites 
Szea sinensis from the Permian of 
China; assignement to Gleichineaceae 
following Dimitrova et al. (2005), 
Dimitrova and Cleal (2007) 
 Yao and Taylor, 1988 
small ferns - 
sphenopteroid ferns 
Apiculatisporites 
Apiculatisporis, 
Apiculatasporites (not 
differentiated) 
Corynepteris spp., Oligocarpia 
brongniartii, Zeilleria (Sphenopteris) 
frenzlii  
Scolecopteris charma (tree fern, but 
only reported from the Carboniferous 
of North America) 
Corynepteris (Alloiopteris) 
essinghii, Corynepteris 
angustissima, Zeilleria 
(Sphenopteris) frenzlii, 
Oligocarpia brongniartii 
Phillips and Galtier, 2005 
small ferns - 
sphenopteroid ferns Camptotriletes 
Botryopteris spp., Myriotheca anglica 
 
Senftenbergia pennaeformis (tree 
fern) 
Botryopteris,  
Senftenbergia pennaeformis 
(tree fern, but extremely rare 
in the Ruhr Basin; therefore 
we assign Camptotriletes to 
the small ferns) 
 
small ferns - 
sphenopteroid ferns Convolutispora 
Botryopteris spp., Waldenburgia 
corynepteroides 
 
Senftenbergia pennaeformis (tree 
fern) 
Botryopteris, Waldenburgia 
corynepteroides 
Senftenbergia pennaeformis 
(tree fern, but extremely rare 
in the Ruhr Basin; therefore 
we assign Convolutispora to 
the small ferns) 
 
small ferns - 
sphenopteroid ferns Dictyotriletes 
botryopteroid fern sporangia, 
 
Kladnostrobus sp.  
Kladnostrobus is not 
reported from the Ruhr 
Basin; we follow Dimitrova et 
al (2005) and Dimitrova and 
Cleal (2007) in assigning 
Dictyotriletes to the small 
ferns 
Scott et al. 1985; Hemsley 
et al. 1994; 
Libertín et al., 2005 
small ferns - 
sphenopteroid ferns Granulatisporites Oligocarpia spp., Renaultia spp.,    
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plant family/order miospore genus 
parent plants 
(mainly from the 
Pennsylvanian of Europe) 
in the Ruhr Basin 
encountered parent 
plants 
additional 
references 
small ferns - 
sphenopteroid ferns Deltoidospora (=Leiotriletes) 
Discopteris spp., Grambastia 
goldenbergii, Oligocarpia spp., 
Boweria schatzlarensis, Renaultia spp. 
Discopteris opulenta 
(Bolsovian), Oligocarpia 
brongiartii, Boweria 
schatzlarensis  
 
small ferns - 
sphenopteroid ferns Lophotriletes 
Botryopteris sp., Renaultia gracilis, 
Sphyropteris sp. cf. S. boehnischii 
Botryopteris sp., Renaultia 
gracilis, Sphyropteris sp. cf. 
S. boehnischii 
 
‘ferns of different 
groups’ Cyclogranisporites 
Acitheca (Pecopteris) longifolia, 
Asterotheca spp., Urnatopteris tenella, 
Scolecopteris spp.,  
Alloiopteris/Corynepteris spp., Zeilleria 
spp., Renaultia spp., Crossotheca 
spp., Noeggerathiostrobus bohemicus, 
Paripteris pseudogigantea, Linopteris 
neuropteroides, Potoniea spp. 
Asterotheca miltonii, 
Renaultia crepinii, 
Alloiopteris similis   
Bek and Opluštil, 1998 
‘ferns of different 
groups’ Microreticulatisporites 
Botryopteris forensis  
Radiitheca dobranyana Botyopteris  
‘ferns of different 
groups’ Verrucosisporites 
Millaya tularosana, Acitheca 
polymorpha, Pyriformis marschachtii, 
Corynepteris silesiaca, Zygopteris sp., 
Nemejcopteris feminaeformis 
Noeggerathiostrobus bohemicus 
Acitheca polymorpha 
(Asturian)  
‘ferns of unknown 
affinity’ Acanthotriletes 
in fern fructifications, but further 
correlation seems to be difficult (see 
comment in Ravn, 1979: 31) 
  
‘ferns of unknown 
affinity’ Ahrensisporites 
classified by Dimitrova et al. (2005) 
into the group of ‘ferns of unknown 
affinity’ because of its typical fern-like 
morphologic features (C. Cleal, pers. 
comm.) 
  
‘ferns of unknown 
affinity’ Grumosisporites 
Phillipopteris globiformis (unknown 
fern, reported from North America)   
Hamer and Rothwell, 1983; 
see comment in Balme, 
1995, p. 147 
‘ferns of unknown 
affinity’ Knoxisporites 
macerated from a fructification of a 
fern-like plant   Hemsley et al., 1994 
‘ferns of unknown 
affinity’ Mooreisporites    
‘ferns of unknown 
affinity’ Pustulatisporites 
Triassic species were assigned to 
ferns by Raine et al. (2008), hence, we 
classify this genus in the “ferns of 
unknown affinity” 
 Raine et al., 2008 
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plant family/order miospore genus 
parent plants 
(mainly from the 
Pennsylvanian of Europe) 
in the Ruhr Basin 
encountered parent 
plants 
additional 
references 
‘ferns of unknown 
affinity’ Reticulatitriletes 
Following Ravn (1986), who discussed 
the results of Hamer and Rothwell 
(1983) and Scott et al. (1985) with 
regard to Dictyotriletes, we also placed 
the dispersed miospore genus 
Reticulatitriletes into the group “ferns 
of unknown affinity” 
  
pteridosperms - 
Medullosales Zonalosporites 
miospores are extremely rare in the 
samples   
pteridosperms - 
Callistophytales Vesicaspora 
miospores are extremely rare in the 
samples   
sphenopsids - Calamites Calamospora 
Discinites spp., Bowmanites spp., 
Koinostachys waldenburgensis, 
Calamostachys spp., Macrostachya 
infundibuliformis, Palaeostachya spp., 
Pothocites grantonii, 
Paracalamostachys spp. 
Noeggerathia bohemicus 
Calamites spp. (9 species), 
Calamostachys  spp. (3 
species), Palaeostachya (2 
species) 
 
sphenopsids - 
sphenophylls 
Laevigatosporites (including 
Latosporites)  
Sphenophyllum spp. (5 
species), 
Sphenophyllostachys sp. 
Libertin et al., 2008 
sphenopsids - 
sphenophylls Vestispora 
Sphenophyllum spp., Bowmanites 
spp. 
Sphenophyllum spp. (5 
species), 
Sphenophyllostachys sp. 
 
cordaites Florinites Cordaitanthus spp.  
Cordaitanthus (not 
differentiated, see comment 
Josten, 1991) 
 
extra-basinal plants Pityosporites    
extra-basinal plants Potonieisporites    
extra-basinal plants Wilsonites    
miospores of different 
origin Punctatisporites 
Cheirostrobus pettyeurensis, 
Corynepteris involucrata, Stauropteris 
oldhamia, Acrangiophyllum 
pendulatum, Pecopteris spp., 
Scolecopteris spp., Discinites sp. cf. 
D. bohemicus, Noeggerathiostrobus 
vicinalis, Conostoma spp., 
Eccroustosperma langtonense, 
rasperma scotica 
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plant family/order miospore genus 
parent plants 
(mainly from the 
Pennsylvanian of Europe) 
in the Ruhr Basin 
encountered parent 
plants 
additional 
references 
miospores of uncertain 
origin Adelisporites    
 Anaplanisporites    
 Bellispores    
 Colatisporites    
 Cordylosporites    
 Cuneisporites    
 Diatomozonotriletes    
 Dictyomonoletes    
 Discernisporites    
 Hymenospora    
 Murospora    
 Perotriletes    
 Reinschospora    
 Stenozonotriletes    
 Waltzispora    
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Most dispersed miospore genera can be related to plants by using data from in situ miospores. 
However, the in situ miospores are not known from all plants, and different plant groups can produce 
the same dispersed miospore genus. A well known example of the latter is Punctatisporites, which is 
derived from ferns, sphenopsids and progymnosperms. In addition, miospore ornamentation can be 
dependent on maturity stages. Laevigate miospores, for example, are typically immature whereas 
sculptured miospores are virtually or fully mature (Pšenička and Bek 2003; Pšenička et al. 2005). In 
dispersed assemblages this distinction is difficult to draw and therefore we interpret laevigate 
miospores to represent mature forms and not immature forms of sculptured miospores. In spite of 
these limitations, the bulk of dispersed miospore genera can be associated with their source plant 
families or genera. To assign the dispersed miospores to plant groups (Table 3-2), the publications of 
Smith and Butterworth (1967), Ravn (1986) and Balme (1995) were consulted and were 
complemented by more recent publications. These plant groups were then classified depending on 
their habitat and growth habit (e.g. DiMichele et al. 2005; Dimitrova et al., 2005; Dimitrova and Cleal, 
2007; Hower et al., 1996, 2000, 2007). In cases where a dispersed miospore genus could be related to 
more than one plant family/order, the miospore was assigned to the plant group that had already been 
described from the Ruhr Basin (for a comprehensive palaeobotanical inventory see  Josten, 1983, 
1991, 2005; Josten and van Amerom, 1999, 2003). This approach has been used frequently in 
Pennsylvanian palaeoenvironmental analyses. However, the results are sometimes difficult to compare 
with vegetational reconstructions based on macrofloral remains, mainly due to different taphonomic 
factors. For instance, the preservational potential of small ferns and the groundcover is lower than that 
of tree ferns. Miospore production of plants also differs. Because of these differences in the 
reproductive strategy some miospore genera may be much more abundant, e.g. many lycophytes have 
produced miospores in vast amounts, and therefore are overrepresented in dispersed miospore 
assemblages. During the Duckmantian lycopsid miospores seem to be overrepresented (DiMichele and 
Phillips, 1994), whereas other like Florinites are possibly underrepresented (Traverse, 2007, p. 550). 
 
Lycopsids dominated the vegetation of the Ruhr Basin during the Duckmantian. Three different 
groups can be distinguished: (1) arborescent lycopsids, the tallest trees of the Pennsylvanian swamps 
and represented by sigillarians and the lepidodendrons; (2) subarborescent lycopsids, typical for 
nutrient-impoverished soils; (3) herbaceous lycopsids. 
 
Arborescent lycopsids were among the most abundant trees in mid Pennsylvanian wetlands and 
represent the dominant lowland plant group in humid-climate settings (Cross and Phillips, 1990; 
Peppers, 1997). The arborescent lycopsids built the canopy and preferred wetland habitats (e.g. 
DiMichele and Phillips, 1985, 1994). Sigillarians favoured wet habitats within non peat-forming 
environments such as riverine zones or mire margins, sandier soil and probably areas with periodical 
dryness (Phillips and Peppers, 1984; Greb et al., 2006). Lepidodendron was typical for “clastic 
Chapter 3: Palaeoecological evolution of Duckmantian wetlands 
 
49 
 
swamps”/non-peat-forming swamps and flooded or brackish water influenced swamps with high 
sediment input (Phillips and Peppers, 1984; DiMichele and Phillips, 1985). Lepidophloios preferred 
coal swamps with standing groundwater and high abiotic stress conditions (DiMichele and Phillips, 
1985, 1988, 1994). Other lepidodendrids, like Paralycopodites, were pioneer plants of topogenous 
swamps, or colonizers following a disturbance, such as high sediment input (DiMichele and Phillips, 
1985, 1994; Greb et al., 2006). Phillips and Peppers (1984) and DiMichele and Phillips (1985) 
described Paralycopodites as being very common during the mid Pennsylvanian, especially 
Duckmantian, of North America. In the Ruhr Basin Paralycopodites has not been found. 
 
Subarborescent lycopsids include plants with a height of a few metres. The most common 
subarborescent lycopsid plant is Omphalophloios (fructifications previously assigned to 
Sporangiostrobus and stems to Bodeodendron). Typically subarborescent lycopsids were one of the 
few plant groups able to grow in nutrient-poor environments such as domed, ombrogenous mires 
(Smith, 1962; Greb et al., 1999, 2006). Ombrogenous mires are characterized by low ash yields, low 
mineral matter content and an increase of inertinite and liptinite (e.g. Eble et al, 1994; Nowak and 
Górecka-Nowak, 1999; Greb et al., 1999). This has also been proved for the Ruhr Basin as has been 
shown in several publications (e.g. Littke, 1987; Littke and ten Haven, 1989). The increase of 
densospores, often combined with the increase of fern miospores, reflects the nutrient deficiency of the 
ombrogenous mires, generating smaller, stunted plants (Greb et al., 1999, 2006). However, 
Omphalophloios and other Densosporites producing plants were not restricted to ombrogenous mires 
but were colonizing ever-wet to subaerial environments (Eble and Grady, 1990; Eble et al., 1994; 
Shaver et al. 2006). Therefore, Densosporites-rich coals alone are not necessarily indicative for 
ombrogenous mires. 
 
Herbaceous lycopsids seem to be relatively underrepresented in the Pennsylvanian coal-swamp flora. 
This is possibly caused by the low preservation potential of these small herbaceous plants (Rößler and 
Buschmann, 1994). However, their miospores are regularly encountered in the Ruhr Basin (e.g. Grebe, 
1972; Schweitzer and Hölscher, 1991). Herbaceous lycopsids flourished in the ground flora of mires, 
but it is unclear, whether they existed in other environments as well (Thomas, 1997). 
 
During the Pennsylvanian in Europe and North America (equatorial continental Pangaea) the 
abundance of ferns increases near the Westphalian/Stephanian boundary, and is coincident with a 
strong reduction of the lycopsids (Phillips et al., 1985). In the studied section, ferns were sometimes 
common to very common but infrequently dominant. To arrange ferns into ecological subgroups, we 
mostly followed Dimitrova et al. (2005) and Dimitrova and Cleal (2007) in using the entities tree 
ferns, small ferns, ‘ferns of different groups’ and ‘ferns of unknown affinity’. However, this 
classification differs in so far as we included a new category ‘ferns of different groups’ (see comments 
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to the different subgroups below). Into the group of tree ferns we unite the pecopteroid leaf forms of 
marattialean, tedelacean and gleicheniacean ferns, (see Dimitrova et al., 2005; Dimitrova and Cleal, 
2007). Tree ferns were very important because they colonized, predominantly as pioneer flora, clastic 
influenced habitats such as riverine zones or paludal swamps as well as wetland margins (e.g. Greb et 
al., 2006). However, during the Langsettian and Duckmantian, tree ferns were still rare in clastic 
adpression assemblages (DiMichele and Phillips, 2002). The group of small ferns is equal to the 
‘sphenopteroid ferns’ of Dimitrova et al. (2005) and Dimitrova and Cleal (2007). These ferns 
flourished as herbaceous groundcover-plants in wet, non-flooded habitats. The third subgroup ‘ferns of 
different groups’ are ferns that produced miospores assignable to both tree ferns and the small ferns 
group. The fourth subgroup includes miospores that may be assigned to ferns: miospores with 
ambiguous origin and possible affinity with ferns and fern miospores that cannot be attributed to a 
specific fern group.  
 
Miospores of pteridosperms are extremely rare. Vesicaspora as well as Zonalosporites (synonymous 
with Monoletes, Schopfipollenites, see comment Ravn, 1986: 128-129) do occur in few samples. 
 
Sphenopsids represent another very important plant category in mid Pennsylvanian swamp 
environments. We distinguish two groups of sphenopsid plants, the arborescent calamites and the 
herbaceous sphenophylls. During the Pennsylvanian, calamites were arborescent plants, reaching up to 
20 m in height. The preferred environments were wet habitats with rather nutrient-impoverished sandy 
soils like riverine zones or mire margins and zones with high sediment input (Phillips and Peppers, 
1984; DiMichele and Phillips, 1994; Greb et al., 2006). Calamites could tolerate higher rates of 
sediment influx, and regrow again (Demko and Gastaldo, 1992). As part of the pioneer flora, they also 
inhabited topogenous mire habitats (Greb et al., 2006). Sphenophylls were herbaceous plants, covering 
the ground or scrambling climbers (Josten, 1991; DiMichele and Phillips, 1994).  
 
In the sample set the only miospore genus that can be assigned to the cordaites is Florinites. With 
regard to palaeoecological preferences, cordaites are a heterogeneous group and colonized all habitats. 
Especially from the mid to late Westphalian the cordaites were very common in mire environments 
and also flourished in wet, peat-forming habitats (Phillips et al., 1985; DiMichele and Phillips, 1994). 
They were arborescent trees which reached, in the upland flora, up to 48 m in height (Falcon-Lang and 
Scott, 2000; Falcon-Lang and Bashforth, 2004). 
 
A few miospore genera from extra-basinal plants were found in the sampled material: Pityosporites, 
Potonieisporites and Wilsonites. They were not very common and presumably were transported into 
the basin from extra-basinal areas which are not preserved.  
  
Chapter 3: Palaeoecological evolution of Duckmantian wetlands 
 
51 
 
3.6  Results 
 
The miospore association of the six coal seams and their under- and overlying clastic sedimentary 
rocks are described in stratigraphical order, starting with the oldest seam. All seams show the same 
basic physical geological features, with a fining upward sequence below the coal seams and a 
coarsening upward trend above. The maturity is low with a vitrinite reflectance ranging from 0.7 % to 
1.1 % (Jasper et al., 2009). Altogether, 220 samples were processed, of which 155 samples were 
analysed and 65 samples discarded because of very bad palynomorph preservation. Especially coarse-
grained sedimentary rocks show bad miospore preservation, whereas the organic-rich claystones 
yielded better preserved palynofloras.  
 
3.6.1  Overview 
 
Conventionally, coal is characterized by maceral composition (vitrinite, inertinite, liptinite, and 
mineral matter), rank (thermal maturity), ash yield or mineral content (grade) and sulphur content. 
Concerning maceral composition, vitrinite is the most abundant maceral (average values for all coal 
seams > 50 vol.-%, also see Littke, 1987; Scheidt and Littke, 1989). In some cases inertinite and 
liptinite also can dominate the coal. Detailed maceral analysis (see Chapter 4) shows that most 
samples are characterized by high abundance of detrovitrinite, telovitrinite and fusinite/semifusinite, 
which together come up to more than 50 vol.-% of the macerals in all coals. Average sporinite values 
of all seams range between 11 vol.-% and 20 vol.-%, except for seam H with average values up to 8 
vol.-%. Micrinite reaches values between 2 vol.-% and 5 vol.-%, whereas the other macerals 
gelovitrinite, macrinite, cutinite, fluorinite, resinite, liptodetrinite, and exsudatinite are present with 
average values usually below 2.5 vol.-%. Macrinite is known to occur in great abundance in some 
densosporinite-rich coals of the Ruhr Basin (Littke, 1987; Littke and ten Haven, 1989), reflecting an 
ombrogenous mire facies which is extremely poor in mineral matter (Smith, 1968). Common minerals 
in coals of the Ruhr area include clay minerals, quartz, pyrite and marcasite as well as carbonate 
minerals such as siderite, ankerite (iron-dolomite), and calcite (Littke, 1987).  
 
Miospores of arborescent lycopsids, especially Lycospora, are most abundant in the analysed interval. 
Granasporites and Crassispora usually are rare to common (for definition see Table 3-1), the latter 
being dominant in only 5 % of the samples. Miospores of subarborescent lycopsids are moderately 
common. In few samples densospores are very common or dominant. In general, tree ferns constitute 
less than 5 % of the miospore assemblage; only in 20 out of 155 samples they are common. Small 
ferns are more abundant. Of the sphenopsids, Calamospora is very common in only six samples. 
Sphenophyll miospores like Laevigatosporites and Vestispora are more abundant and even dominant 
in ten samples. Cordaites only are represented by Florinites, with 5 samples showing more than 10 %. 
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Fig. 3-3a-f: Profiles of seams D (a), H (b), K (c), M (d), P (e) and V (f) showing depth (drilling depth Z for 
seams D, H, K, M and V (several vertical wells) = -916.10 m; for seam P = -1013.40 m), lithology, sample-
location (filled: analysed samples, non-filled: samples with poor miospore preservation), palynology (column 1 – 
5: occurrence of main plant groups [%]) and maceral content (column 6). Column 1 shows lycopsids; column 2 
ferns; column 3 sphenopsids; column 4 cordaites; column 5 all other plant groups (‘ferns of unknown affinity’, 
pteridosperms, extra-basinal plants, ‘miospores of different origin’ and ‘miospores of uncertain origin’). 
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3.6.2  Seam D succession 
 
The section of seam D is the lowermost part of the section and covers 13 m (Fig. 3-3a). The clastic 
sequence is dominated by fine-grained sedimentary rocks, with only a few coarse-grained layers at the 
bottom. Only one coal layer is present with a thickness of 0.45 m. However, very thin coal horizons 
are intercalated. 24 samples from the whole succession of seam D were analysed for palynology 
(Table 3-3a, detailed analyses see Appendix C7). 
 
Four intervals can be differentiated using grain size and miospore associations. The base comprises the 
lower clastic interval D I, which is dominated by lepidocarpacean miospores, mostly associated with 
10 – 20 % small fern miospores or Crassispora. This part of the section is overlain by organic-rich 
mudstones including first thin coal layers, in which Lycospora, Granasporites and Crassispora are 
dominant (interval D II). At the base of this part Calamospora accounts for more than 10 % of the 
assemblage. The third interval D III comprises the coal seam. The lower half of the coal seam is rich in 
lepidocarpacean and sphenophyll miospores. Samples rich in sphenophyll miospores are characterized 
by lower ash (ø 4 wt.-%) but high vitrinite, especially detrovitrinite, content. In the upper half of the 
coal seam densospores become dominant while Lycospora decreases. Fern miospores also increase. 
These densospore-dominated coals are very rich in inertinite (ø 46 vol.-%). The ash content in the 
upper part of coal seam D shows very high values (ø 44 wt.-%). Similar to the lowermost interval the 
upper clastic zone D IV is again dominated by Lycospora and Granasporites. 
 
3.6.3  Seam H succession 
 
The section with coal seam H covers 12 m of organic-rich mudstone, fine- and medium-grained 
siltstone as well as sandstone at the bottom (Fig. 3-3b). One coal seam of 1.5 m thickness is 
intercalated. The coal has a low ash content of 5 wt.-% on average, except one sample of 12 wt.-%. 
The coal is typically vitrinite dominated with a few inertinite-rich layers. Within the coal seam H 
succession, 19 samples were analysed (Table 3-3b, detailed analyses see Appendix C7). 
Based on grain size and miospore association, the whole seam H succession is composed of five 
intervals. The first one (H I) comprises the clastic base. This part is dominated by lepidocarpacean 
miospores. Usually Crassispora and small fern miospores are present at more than 10 %. The second 
interval H II covers the lower 1.3 m of the coal seam and is dominated by lepidocarpacean miospores 
again. The next interval H III, consisting of the uppermost part of the coal seam, shows a Lycospora-
Laevigatosporites dominated miospore association. The coal seam is overlain by organic-rich 
mudstones, which are dominated by lepidocarpacean and sigillariostrobacean miospores (interval H 
IV). The miospore content of the uppermost interval, H V, which consists of clastic sedimentary rocks, 
is similar to the lowermost interval. 
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Table 3-3a: Percentage contribution to main plant groups of seam D (250 counts per sample) and results of 
maceral analyses. 
 
 D2 D11 D15 D27 D39 D49 D50 D52 D54 D56 D58 D69 D71 D72 D74 D80 D81 D82 D84 D89a D100 D108 D118 D134
Sigillariostrobacean 3.6 0.4 0.4 1.6 2.4 1.2 1.6 1.6 8.8 2.0 3.6 4.8 22.8 19.6 27.2 26.8 34.8 11.6 2.8 2.0 2.8 10.0 6.8 0.8 
Lepidocarpacean 80.4 84.0 89.2 84.0 86.8 91.6 92.4 8.8 18.8 33.2 39.2 52.0 52.8 63.2 54.8 44.4 27.6 59.2 69.2 46.4 81.6 57.6 62.0 34.0 
∑ arb. lycopsids 84.0 84.4 89.6 85.6 89.2 92.8 94.0 10.4 27.6 35.2 42.8 56.8 75.6 82.8 82.0 71.2 62.4 70.8 72.0 48.4 84.4 67.6 68.8 34.8 
subarb. lycopsids 0.8 1.2 1.2 0.0 0.8 0.8 0.4 60.8 14.0 22.0 12.0 2.8 2.8 1.6 2.4 0.4 1.2 0.8 0.8 4.8 1.2 4.8 12 8.8 
herb.lycopsids 0.8 0.0 0.4 0.0 0.0 0.0 0.4 0.0 2.4 1.6 0.8 0.0 1.6 2.4 0.8 0.8 0.4 1.2 0.0 1.2 0.4 0.4 0.4 2.8 
tree Ferns 2.0 1.2 0.8 1.6 0.4 0.0 0.0 2.8 2.8 0.8 3.4 2.0 1.2 0.4 3.2 1.2 2.0 1.6 1.2 11.2 1.2 3.2 0.4 4.8 
small Ferns 8.4 8.0 7.2 6.8 5.6 1.6 2.4 5.6 24.4 15.6 7.2 5.2 8.4 4.0 4.0 4.4 3.2 11.6 12.0 24.8 6.4 13.2 7.6 25.2 
‘Ferns of different 1.6 1.2 0.0 1.6 0.8 0.8 0.4 4.8 6.8 2.4 4.0 8.4 1.2 1.2 0.8 1.6 13.6 0.8 1.2 2.4 0.4 4.4 3.2 5.2 
‘Ferns of unknown 1.2 0.8 0.0 0.4 0.4 0.4 0.4 1.2 1.2 1.2 0.8 0.0 0.0 0.0 0.0 1.6 0.4 2.4 0.8 0.4 0.8 1.2 0.4 2.4 
∑ Ferns 13.2 11.2 8.0 10.4 7.2 2.8 3.2 14.4 35.2 20.0 20.8 15.6 10.8 5.6 8.0 8.8 19.2 16.4 15.2 38.8 8.8 22.0 11.6 37.6 
Pteridosperms 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.4 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 
Calamites 0.0 0.4 0.0 0.0 0.4 0.8 0.8 3.6 5.6 6.0 12.4 1.6 4.4 3.6 2.4 12.4 11.2 4.0 5.2 2.0 2.0 1.6 0.8 0.8 
Sphenophylls 0.4 0.4 0.8 2.4 1.2 2.0 0.4 8.8 6.8 4.4 6.0 21.2 2.0 0.8 3.2 2.0 1.2 3.2 2.4 2.4 0.4 1.2 4.0 3.6 
∑ Sphenopsids 0.4 0.8 0.8 2.4 1.6 2.8 1.2 12.4 12.4 10.4 18.4 22.8 6.4 4.4 5.6 14.4 12.4 7.2 7.6 4.4 2.4 2.8 4.8 4.4 
Cordaites 0.4 1.2 0.0 0.0 0.4 0.4 0.4 1.2 5.2 6.8 3.6 0.4 1.6 1.2 0.8 3.6 3.6 2.8 2.0 0.0 0.8 2.0 0.8 0.8 
Extra-basinal plants 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 1.2 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
other spores 0.4 1.2 0.0 1.6 0.8 0.4 0.4 0.8 3.2 3.6 0.4 1.6 0.8 1.6 0.4 0.4 0.8 0.8 1.6 2.4 2.0 0.4 1.6 4.8 
Vitrinite 3.4 1.0 1.6 2.2 0.4 4.6 73.8 20.0 21.4 63.0 -- 41.4 5.8 19.2 31.2 3.2 13.6 3.8 0.4 1.6 1.0 3.0 2.2 2.8 
Inertinite 0.4 0.4 0.6 0.0 0.4 0.8 7.2 45.6 0.0 4.6 -- 45.0 4.0 5.6 17.0 6.6 4.6 16.2 0.0 0.0 0.4 0.0 0.0 0.8 
Liptinite 0.6 0.2 0.4 0.6 0.0 0.4 6.8 32.6 1.0 4.8 -- 13.4 2.8 10.8 11.6 7.6 12.6 8.0 0.6 0.4 0.6 0.2 0.4 0.4 
Matrix 95.6 98.4 97.4 97.2 99.2 94.2 12.2 1.8 77.6 27.6 -- 0.2 87.4 64.4 40.2 82.6 69.2 72.0 99.0 98.0 98.0 96.8 97.4 96.0 
 
Table 3-3b: Percentage contribution to main plant groups of seam H (250 counts per sample) and results of 
maceral analyses. 
 
 H11 H19 H28a H28b H33 H36 H39 H41 H44 H47 H49 H64 H67 H75 H76 H77 H81 H86 H90 
Sigillariostrobacean 6.0 13.2 11.2 3.6 22.8 54.0 5.6 1.6 0.8 10.4 1.6 13.6 4.4 4.8 24.8 3.6 4.0 4.4 11.6 
Lepidocarpacean 58.0 61.2 63.2 72.0 46.0 27.6 60.4 39.6 86.8 76.8 66.4 70.0 65.2 76.4 58.8 76.0 76.0 63.2 62.8 
∑ arb. lycopsids 64.0 74.4 74.4 75.6 68.8 81.6 66.0 41.2 87.6 87.2 68.0 83.6 69.6 81.2 83.6 79.6 80.0 67.6 74.4 
subarb. lycopsids 3.6 3.6 3.6 0.8 4.4 5.6 0.4 0.8 1.6 0.0 1.6 1.2 0.0 0.8 0.4 0.8 0.8 5.6 1.2 
herb.lycopsids 0.4 0.0 0.0 0.0 0.8 0.4 0.4 0.0 0.4 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 
tree Ferns 4.8 2.8 2.0 5.2 2.8 2.0 0.4 0.4 1.6 0.8 5.2 0.0 2.0 0.0 0.8 2.4 2.0 1.6 1.6 
small Ferns 8.8 10.4 12.8 11.6 4.8 2.0 3.6 8.4 2.0 4.0 13.6 2.8 11.6 7.6 2.0 9.2 10.8 12.4 9.2 
‘Ferns of different 6.4 4.4 0.8 0.8 3.2 2.4 1.2 2.4 0.4 1.6 1.2 1.2 0.8 1.6 0.8 0.8 1.6 1.2 1.6 
‘Ferns of unknown 0.8 1.6 1.6 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.4 0.8 1.2 6.4 
∑ Ferns 20.8 19.2 17.2 18.4 10.8 6.4 5.2 11.2 4.0 6.4 20.0 4.0 14.4 9.2 4.4 12.8 15.2 16.4 18.8 
Pteridosperms 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Calamites 1.6 1.2 1.6 1.6 4.4 1.6 1.2 3.2 2.4 0.0 1.6 0.8 1.2 0.8 1.6 0.8 1.2 5.2 2.0 
Sphenophylls 2.4 1.2 1.6 2.8 8.8 2.8 26.8 40.0 3.2 6.4 5.2 8.4 12.0 6.0 3.6 2.8 2.8 1.6 1.6 
∑ Sphenopsids 4.0 2.4 3.2 4.4 13.2 4.4 28.0 43.2 5.6 6.4 6.8 9.2 13.2 6.8 5.2 3.6 4.0 6.8 3.6 
Cordaites 5.6 0.4 1.2 0.0 0.0 0.0 0.0 1.6 0.4 0.0 2.4 2.0 1.6 1.6 5.2 2.8 0.0 1.2 1.2 
Extra-basinal plants 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.8 0.0 0.4 0.0 0.8 0.0 0.0 0.0 0.0 
other spores 1.6 0.0 0.4 0.8 1.6 1.6 0.0 1.6 0.4 0.0 0.4 0.0 0.4 0.4 0.4 0.4 0.0 2.4 0.8 
Vitrinite 2.2 2.2 1.8 1.2 25.6 36.6 34.4 87.6 86.6 79.2 79.0 40.8 77.0 35.4 54.8 7.2 2.0 0.8 1.4 
Inertinite 0.4 1.6 0.2 0.0 0.8 0.0 58.0 6.0 1.8 10.4 9.4 48.0 13.4 18.2 11.0 2.4 0.4 0.2 0.8 
Liptinite 0.4 0.2 0.2 0.0 1.2 1.2 5.8 5.6 6.2 9.4 11.6 11.0 9.4 7.0 2.2 5.6 0.2 0.2 0.0 
Matrix 97.0 96.0 97.8 98.8 72.4 62.2 1.8 0.8 5.4 1.0 0.0 0.2 0.2 39.4 32.0 84.8 97.4 98.8 97.8 
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Fig. 3-3 continued: seam H 
 
3.6.4  Seam K succession 
 
The coal seam K section is 11 m thick (Fig. 3-3c). Generally, the clastic sedimentary rocks are fine-
grained. An organic-rich section is deposited in the lower part. One 0.75 m thick coal seam and a coal 
layer of 0.2 m thickness are intercalated. Miospore preservation is poor in both coal and siliciclastic 
sedimentary rocks. However, 30 samples were suitable for palynological analysis (Table 3-3c, detailed 
analyses see Appendix C7).  
 
Based on grain size and miospore association, four intervals can be differentiated. The lower clastic 
interval K I is characterized by lepidocarpacean and sigillariostrobacean miospores. The overlying 
interval K II, composed of a thin coal layer and organic-rich clastic sedimentary rocks, is dominated 
by lepidocarpacean miospores. The coal is very vitrinite-rich (ø 47 vol.-%) with high ash values (ø 17 
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wt.-%). Interval K III contains the upper coal seam. Sphenophyll miospores are increasingly dominant, 
which is paralleled by an increase of inertinite content (ø 48 vol.-%). The upper interval K IV of the 
section, also including the topmost part of the upper coal seam, covers nearly 7.5 m and is persistently 
dominated by Lycospora. Additionally, in some samples over 10 % Crassispora is present. 
 
 
 
Fig. 3-3 continued: seam K  
199
197
195
193
191
189
1
1007550250 75502500 20 0 10 0 10
2 543 6
100500
K IV
K I
K II
K III
sigillarian
lepidocarpacean
subarborescent lycopsids
herbaceous lycopsids
small ferns
tree ferns
other ferns
calamites
sphenophylls
cordaites
others
3c
sandstone
siltstone
claystone
organic rich claystone
coal
vitrinite
inertinite
liptinite
mineral matter
Chapter 3: Palaeoecological evolution of Duckmantian wetlands 
 
57 
 
Table 3-3c: Percentage contribution to main plant groups of seam K (250 counts per sample) and results of 
maceral analyses. 
 
 K1 K3 K4 K5 K6 K7 K8 K11 K12 K14 K15 K16 K17 K18 K19 K21 K22 K23 K27 K30 K38 K40 K43 K50 K65 K67 K70 K79 K91 K93
Sigillariostrobacean 5.2 4.4 4.0 5.6 6.8 12.0 10.4 8.0 8.4 6.8 5.6 11.6 11.2 4.0 2.0 4.4 3.6 2.4 2.0 1.2 0.8 0.8 5.2 8.0 3.6 4.8 0.4 0.4 54.0 14.8
Lepidocarpacean 77.2 76.8 80.0 72.8 73.2 64.4 70.8 69.6 69.6 69.6 69.6 65.2 66.4 70.0 78.4 74.0 80.0 81.6 92.0 94.4 96.8 95.2 80.4 18.8 66.4 70.4 96.8 95.2 31.6 56.4
∑ arb. lycopsids 82.4 81.2 84.0 78.4 80.0 76.4 81.2 77.6 78.0 76.4 75.2 76.8 77.6 74.0 80.4 78.4 83.6 84.0 94.0 95.6 97.6 96.0 85.6 26.8 70.0 75.2 97.2 95.6 85.6 71.2
subarb. lycopsids 0.8 2.8 2.4 1.6 2.4 4.4 1.6 2.8 2.8 2.4 2.4 2.8 1.2 2.8 3.6 1.6 2.4 0.0 0.4 0.0 0.4 2.4 10.0 0.8 0.8 0.8 0.4 0.8 2.8 1.6
herb.lycopsids 0.0 0.4 0.0 0.8 0.8 0.4 0.0 0.4 0.0 0.4 0.0 0.4 0.4 0.4 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.0
tree Ferns 2.8 3.2 1.6 2.4 2.0 2.4 2.4 2.4 1.6 1.6 2.8 2.4 2.0 1.6 3.2 5.2 2.0 0.8 0.4 0.8 0.4 0.0 0.0 0.0 0.4 4.0 0.4 0.4 1.2 2.0
small Ferns 6.4 6.4 2.4 3.2 6.4 5.6 6.4 4.4 6.0 7.2 7.2 4.4 8.4 8.4 4.0 7.2 6.4 6.8 1.6 2.0 0.8 0.0 0.8 0.8 2.0 3.6 0.4 0.8 2.4 9.6
‘Ferns of different 1.6 2.4 2.8 2.0 2.4 2.4 1.2 2.4 3.2 4.0 2.0 4.4 4.0 2.0 2.8 1.2 0.4 2.0 1.6 0.8 0.0 0.0 0.0 0.8 0.8 0.8 0.0 0.0 0.8 1.6
‘Ferns of unknown 2.8 0.8 0.0 0.8 0.8 1.6 0.4 0.4 0.8 0.4 2.4 0.8 0.4 0.4 0.4 1.6 0.0 0.4 0.0 0.0 0.0 0.0 0.4 0.0 1.2 0.4 0.0 0.0 0.4 0.0
∑ Ferns 13.6 12.8 6.8 8.4 11.6 12.0 10.4 10.0 11.2 13.2 14.4 12.0 14.8 12.4 10.4 15.2 8.8 10.0 3.6 3.6 1.2 0.0 1.2 1.6 4.4 8.8 0.8 1.2 4.8 13.2
Pteridosperms 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Calamites 0.8 0.8 1.2 1.2 0.8 2.0 1.2 2.0 2.8 2.0 0.8 2.4 0.0 1.6 1.2 0.0 0.8 0.4 0.4 0.0 0.0 0.0 0.0 2.8 0.4 6.0 1.2 0.4 0.8 4.0
Sphenophylls 0.4 0.4 1.2 3.6 0.4 1.2 0.8 3.6 2.0 2.0 1.6 1.2 1.6 0.8 0.4 1.2 0.8 1.2 0.4 0.0 0.0 1.2 2.4 65.6 23.6 6.4 0.4 1.2 2.8 7.6
∑ Sphenopsids 1.2 1.2 2.4 4.8 1.2 3.2 2.0 5.6 4.8 4.0 2.4 3.6 1.6 2.4 1.6 1.2 1.6 1.6 0.8 0.0 0.0 1.2 2.4 68.4 24 12.4 1.6 1.6 3.6 11.6
Cordaites 0.8 0.0 4.0 2.8 2.4 3.2 3.2 1.2 0.4 1.2 4.0 2.0 2.4 5.2 1.6 2.8 1.6 2.4 0.4 0.4 0.0 0.0 0.8 0.4 0.0 1.6 0.0 0.4 0.8 1.6
Extra-basinal plants 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.2 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
other spores 1.2 1.6 0.4 2.8 1.6 0.4 1.6 2.4 2.8 2.4 1.6 2.4 2.4 1.6 2.4 0.8 1.6 2.0 0.8 0.4 0.4 0.4 0.0 2.0 0.8 0.4 0.0 0.4 2.4 0.8
Vitrinite 4.0 2.4 2.8 2.2 3.0 3.0 4.2 3.6 6.2 3.4 4.6 4.2 3.0 6.6 5.0 3.8 3.6 4.6 2.6 9.4 9.6 16.4 78.0 82.0 28.4 30.2 -- 22.0 7.6 2.4
Inertinite 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.4 0.2 5.4 46.8 2.6 -- 33.2 1.0 0.2
Liptinite 2.2 0.6 1.6 2.2 0.8 1.4 1.8 0.6 1.4 2.2 1.6 1.8 2.0 4.0 1.8 3.6 1.8 1.2 2.2 2.2 4.4 3.8 5.6 11.6 22.6 1.0 -- 30.8 1.0 2.8
Matrix 93.0 97.0 95.6 95.6 96.2 95.6 94.0 95.8 92.4 94.2 93.8 94.0 95.0 89.4 93.2 92.6 94.6 94.0 95.2 88.4 86.0 79.4 16.2 1.0 2.2 66.2 -- 14.0 90.4 94.6
 
Table 3-3d: Percentage contribution to main plant groups of seam M (250 counts per sample) and results of 
maceral analyses. 
 
 M3 M4 M5 M7 M11 M12 M14 M17 M20 M21 M24 M25 M27 M34 M35 M36 M37 M38 M40 
Sigillariostrobacean 9.6 6.0 0.8 4.0 8.0 26.4 6.0 1.2 8.0 8.8 1.6 4.8 8.0 13.6 4.8 3.6 5.2 3.6 5.2 
Lepidocarpacean 68.0 70.8 72.4 80.8 56.8 43.6 56.4 63.6 69.2 57.2 51.2 68.0 61.6 66.8 72.8 63.6 61.6 63.6 79.2 
∑ arb. lycopsids 77.6 76.8 73.2 84.8 64.8 70.0 62.4 64.8 77.2 66.0 52.8 72.8 69.6 80.4 77.6 67.2 66.8 67.2 84.4 
subarb. lycopsids 4.0 4.0 3.6 0.4 6.8 0.4 2.4 0.8 0.8 2.4 6.4 4.0 8.0 2.0 6.4 5.2 3.6 3.6 2.0 
herb.lycopsids 0.0 0.8 0.4 0.0 0.0 2.4 3.6 1.2 0.0 0.4 0.4 1.6 2.0 1.2 0.4 0.8 0.0 0.0 0.4 
tree Ferns 1.2 4.0 2.8 0.4 1.2 1.6 1.2 2.8 3.6 1.6 7.2 3.6 3.2 2.0 2.8 2.4 2.8 3.6 1.6 
small Ferns 8.0 8.0 8.8 2.4 6.8 5.6 3.2 0.4 4.8 7.6 10.8 4.8 6.0 8.0 4.4 11.6 14.4 12.0 8.0 
‘Ferns of different 3.2 1.2 0.0 0.4 0.0 0.4 0.4 1.2 0.4 1.2 1.2 2.0 3.2 1.2 0.4 2.4 2.0 1.2 0.8 
‘Ferns of unknown 0.0 0.0 0.8 0.0 0.4 0.4 0.0 0.0 0.8 0.4 0.4 0.4 0.8 0.0 0.0 0.4 1.2 1.6 0.4 
∑ Ferns 12.4 13.2 12.4 3.2 8.4 8.0 4.8 4.4 9.6 10.8 19.6 10.8 13.2 11.2 7.6 16.8 20.4 18.4 10.8 
Pteridosperms 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Calamites 1.2 0.0 0.0 0.4 0.4 3.6 1.6 6.0 7.6 10.4 11.6 2.0 2.0 0.4 0.8 1.6 0.4 0.4 0.4 
Sphenophylls 1.2 2.8 6.8 10.8 17.6 12.4 23.6 20.0 3.6 7.6 7.2 4.8 3.6 2.4 6.0 1.6 4.4 4.8 1.6 
∑ Sphenopsids 2.4 2.8 6.8 11.2 18.0 16.0 25.2 26.0 11.2 18.0 18.8 6.8 5.6 2.8 6.8 3.2 4.8 5.2 2.0 
Cordaites 2.0 0.8 1.6 0.0 1.2 0.4 0.4 2.8 0.0 0.8 0.8 1.2 0.4 1.6 0.8 5.6 3.2 4.0 0.0 
Extra-basinal plants 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 1.2 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 
other spores 1.6 1.6 2.0 0.4 0.8 2.8 1.2 0.0 0.0 0.4 0.8 2.8 1.2 0.8 0.4 0.8 1.2 1.6 0.4 
Vitrinite 2.8 3.8 -- 7.8 34.2 69.4 65.2 82.2 -- 1.6 4.8 2.0 3.2 5.2 4.4 1.6 1.2 5.6 2.0 
Inertinite 0.8 0.4 -- 0.2 0.2 16.8 22.6 9.2 -- 15.8 0.2 0.8 0.4 0.2 2.0 0.6 0.2 1.4 0.4 
Liptinite 0.4 0.6 -- 0.2 2.2 13.8 10.0 8.4 -- 0.6 0.4 0.0 0.6 1.2 0.0 0.8 0.4 0.6 0.4 
Matrix 96.0 95.2 -- 91.8 63.4 0.0 2.2 0.2 -- 82.0 94.6 97.2 95.8 93.4 93.6 97.0 98.2 92.4 97.2 
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3.6.5  Seam M succession 
 
The section with seam M covers nearly 9 m of mudstone and fine-grained siltstone with only one thin 
coal layer of 0.3 m thickness (Fig. 3-3 d). 19 samples were analysed (Table 3-3d, detailed analyses see 
Appendix C7). 
 
 
 
Fig. 3-3 continued: seam M 
 
Three intervals can be distinguished in seam M succession.  The clastic sedimentary rocks in the lower 
part (interval M I) of that section are dominated by Lycospora. Sometimes other miospores, especially 
more than 10 % of Crassispora, Calamospora or small fern miospores, may add to the assemblage. 
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The second interval M II embraces the vitrinite-rich (ø 74 vol.-%) coal seam with an ash content of 10 
wt.-%. The lower part of the coal seam is characterized by the dominance of telovitrinite, which is 
increasingly replaced by detrovitrinite towards the top. Lycospora is by far the most abundant 
miospore in the coal seam. Sphenophylls like Laevigatosporites and Vestispora are also very common 
accounting for more than 10 %, whereas Granasporites and Crassispora have been encountered in 
only one sample. The uppermost interval M III shows the same dominance of lepidocarpacean 
miospores that is found in the lower clastic part. 
 
3.6.6  Seam P succession 
 
This 21 m thick section can be divided into four main intervals. The seam P succession includes three 
coal seams, 0.2 m, 1.05 m and 1.3 m thick (Fig. 3-3 e). Fine-grained claystone and siltstone 
predominate but some coarse-grained layers do occur. In siliciclastic sedimentary rocks poor in 
organic carbon miospores usually are badly preserved. Therefore, these samples from the seam P 
succession could not be analysed while most of the 35 samples from coals and organic-rich clastics 
proved to be productive (Table 3-3e, detailed analyses see Appendix C7). 
 
The first interval P I comprises organic-rich clastic sedimentary rocks at the bottom of the section as 
well as the lower part of the first coal seam. It yielded an assemblage dominated by Lycospora (>80 
%). In the upper part of the lowermost seam the coal is rich in detrovitrinite and ash content is high (ø 
30 wt.-%). The high abundance of Lycospora is somewhat reduced by an increase of Crassispora and 
Granasporites, respectively. The latter genus is dominant from the top of this thin coal seam up to the 
base of the second coal seam.  
 
The second interval P II includes the upper part of the second coal seam and shows a change from 
assemblages dominated by lepidocarpacean miospores to those in which Laevigatosporites is a distinct 
element supplemented by small ferns and rare tree ferns. The last ones dominate a small layer at the 
bottom of the interval P II. Ash content in this Laevigatosporites-dominated coal is very low (ø 3 wt.-
%), whereas the tree fern dominated sample shows a very high ash content (52 wt.-%). Organic-rich 
clastic sedimentary rocks above the second coal seam show an abundance of Lycospora with 
additional small fern miospores, which also occur at the base of interval P III.  
 
The upper coal seam, presenting interval P IV yielded a more diverse miospore assemblage, enabling 
us to differentiate three subintervals (P IVa – P IVc). Ash values range from low to medium at the 
bottom and the top of the coal seam, while in the middle part they are high. At the bottom of the coal 
seam (subinterval P IVa), Lycospora is most abundant, but in some samples, Granasporites and small  
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Fig. 3-3 continued: seam P 
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Table 3-3e: Percentage contribution to main plant groups of seam P (250 counts per sample) and results of 
maceral analyses. 
 
 P15 P16 P17 P18 P20 P22 P24 P27 P32 P35 P39 P41 P45 P48 P54 P57 P70 P75 
Sigillariostrobacean 8.4 1.2 3.2 0.4 5.6 8.0 4.0 16.0 4.4 5.2 5.6 2.8 6.4 1.2 8.0 6.4 2.4 5.6 
Lepidocarpacean 55.2 41.2 47.6 9.6 33.2 42.4 41.6 57.2 73.2 75.2 66.0 60.4 81.6 67.2 69.2 69.2 72.0 69.6 
∑ arb. lycopsids 63.6 42.4 50.8 10.0 38.8 50.4 45.6 73.2 77.6 80.4 71.6 63.2 88.0 68.4 77.2 75.6 74.4 75.2 
subarb. lycopsids 3.2 22.4 24.0 84.4 5.6 4.4 2.0 0.8 0.0 1.2 1.6 2.4 1.2 2.8 1.6 2.4 1.2 6.8 
herb.lycopsids 0.0 0.4 0.4 0.8 0.8 0.0 0.0 0.4 0.4 0.0 0.8 0.0 0.0 0.0 0.8 0.8 2.0 0.4 
tree Ferns 2.4 3.6 2.0 0.4 9.2 5.2 6.8 1.6 6.8 0.8 3.6 0.4 0.8 3.2 0.0 1.6 3.2 1.2 
small Ferns 4.0 14.4 12.0 0.4 14.4 12.8 20.0 12.0 6.4 5.2 10.4 19.6 4.0 12.8 10.4 11.6 8.4 3.6 
‘Ferns of different groups’ 5.6 1.2 0.4 0.0 3.6 2.4 2.0 0.8 1.6 1.6 0.8 1.6 1.6 3.6 1.2 1.6 1.2 0.8 
‘Ferns of unknown 0.4 2.0 0.4 0.4 1.6 0.8 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.4 0.8 0.0 0.0 0.8 
∑ Ferns 12.4 21.2 14.8 1.2 28.8 21.2 28.8 14.4 14.8 7.6 15.2 21.6 6.4 20.0 12.4 14.8 12.8 6.4 
Pteridosperms 0.0 0.4 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Calamites 2.0 3.2 3.2 0.0 2.4 0.4 5.2 1.6 0.8 0.4 1.6 3.2 0.4 0.4 0.8 0.0 1.6 0.0 
Sphenophylls 15.6 6.4 4.4 3.2 6.8 4.8 4.4 5.2 6.4 7.6 8.0 4.0 2.4 0.4 1.6 3.2 2.0 9.6 
∑ Sphenopsids 17.6 9.6 7.6 3.2 9.2 5.2 9.6 6.8 7.2 8.0 9.6 7.2 2.8 0.8 2.4 3.2 3.6 9.6 
Cordaites 0.8 1.2 0.8 0.0 14.8 18.4 11.6 2.0 0.0 1.6 0.4 3.2 1.6 7.6 5.2 0.8 4.0 1.2 
Extra-basinal plants 1.2 0.0 0.8 0.0 1.6 0.0 0.8 0.0 0.0 0.0 0.4 1.2 0.0 0.0 0.0 0.0 0.0 0.0 
other spores 1.2 2.4 0.8 0.4 0.0 0.4 1.6 2.4 0.0 1.2 0.4 1.2 0.0 0.4 0.4 2.4 2.0 0.4 
Vitrinite 40.8 -- -- 17.2 61.0 54.0 40.8 23.0 83.4 88.8 43.8 1.8 12.6 2.8 0.8 5.0 2.2 13.0 
Inertinite 47.2 -- -- 44.0 29.0 29.0 19.4 18.6 7.6 7.8 0.2 0.0 0.6 0.4 0.4 1.0 0.8 11.8 
Liptinite 11.2 -- -- 26.8 9.6 15.2 15.0 10.0 9.0 3.4 3.6 0.0 1.6 0.4 0.4 0.2 0.0 9.0 
Matrix 0.8 -- -- 12.0 0.4 1.8 24.8 48.4 0.0 0.0 52.4 98.2 85.2 96.4 98.4 93.8 97.0 66.2 
 
Table 3-3e continued: Percentage contribution to main plant groups of seam P (250 counts per sample) and 
results of maceral analyses. 
 
 P76 P78 P85 P89 P92 P94 P95 P96 P97 P111 P112 P113 P114 P115 P116 P117 P118
Sigillariostrobacean 11.6 3.6 2.8 1.2 5.6 1.2 7.6 3.2 16.4 2.8 3.2 1.6 14.4 31.2 8.4 9.2 1.2
Lepidocarpacean 32.0 57.6 40.4 58.8 72.4 89.2 78.8 87.6 71.6 82.8 93.2 88.4 70.8 38.4 77.2 82.4 88.8
∑ arb. lycopsids 43.6 61.2 43.2 60.0 78.0 90.4 86.4 90.8 88 85.6 96.4 90.0 85.2 69.6 85.6 91.6 90.0
subarb. lycopsids 6.8 1.6 2.4 1.6 1.6 0.0 0.0 0.0 0.8 2.0 0.0 0.4 0.0 2.8 1.2 1.2 0.0
herb.lycopsids 0.0 0.0 0.0 0.4 1.6 0.0 0.4 0.0 0.4 0.0 0.0 0.8 0.8 0.4 0.0 0.0 0.0
tree Ferns 1.2 1.2 3.2 16.0 4.0 0.8 1.2 0.8 1.2 0.0 0.0 1.2 1.2 0.4 4.8 0.4 0.8
small Ferns 12.0 7.6 10.0 6.0 4.4 4.8 2.0 1.2 2.4 4.0 0.8 1.2 1.6 1.2 1.6 2.0 4.0
‘Ferns of different 3.6 0.8 1.6 1.6 2.4 0.4 0.0 2.8 3.6 2.4 0.0 0.4 2.0 2.4 0.8 2.0 1.2
‘Ferns of unknown 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.4
∑ Ferns 16.8 9.6 15.2 23.6 10.8 6.0 3.2 4.8 7.2 6.4 0.8 2.8 4.8 4.4 7.2 4.4 6.4
Pteridosperms 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Calamites 1.2 0.4 0.8 0.8 0.4 0.4 3.2 2.4 0.8 2.8 0.0 0.8 2.8 1.6 1.2 0.8 0.4
Sphenophylls 29.6 24.4 34.8 5.6 4.8 2.8 5.2 2.0 1.6 2.0 1.2 1.2 5.2 13.2 3.6 0.8 1.2
∑ Sphenopsids 30.8 24.8 35.6 6.4 5.2 3.2 8.4 4.4 2.4 4.8 1.2 2.0 8.0 14.8 4.8 1.6 1.6
Cordaites 1.6 0.0 2.0 6.8 1.2 0.4 0.4 0.0 0.0 0.8 0.4 2.4 1.2 3.2 0.4 0.8 1.6
Extra-basinal plants 0.0 0.8 0.0 0.4 0.0 0.0 0.0 0.0 0.4 0.0 0.8 0.0 0.0 0.0 0.4 0.0 0.0
other spores 0.4 2.0 1.6 0.8 1.6 0.0 1.2 0.0 0.8 0.4 0.4 1.6 0.0 4.8 0.4 0.4 0.4
Vitrinite 64.0 83.0 88.4 54.4 68.4 20.0 77.6 77.6 3.6 6.2 25.4 30.4 33.8 76.2 75.2 32.2 1.8
Inertinite 20.6 11.4 5.2 24.6 8.6 7.4 2.8 3.0 1.2 0.4 5.6 3.2 12.0 6.8 2.4 0.4 0.2
Liptinite 15.4 5.6 5.8 7.6 8.0 4.2 4.2 8.4 6.2 1.0 5.6 5.0 12.0 5.0 5.2 5.4 0.2
Matrix 0.0 0.0 0.6 13.4 0.2 20.0 73.0 11.0 89.0 92.4 63.4 61.4 42.2 12.0 17.2 61.8 97.8
 
ferns also occur at more than 10 %. The miospore assemblage of the middle part (subinterval P IVb) is 
very diverse and no miospore group is dominant. Lycospora, Granasporites, small fern miospores and 
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Florinites are present with values ranging between 10 % and 40 %. The uppermost part of the coal 
seam (subinterval P IVc) is dominated by densospores, >80 % at the base, followed by a reduction of 
densospores and an increase of lepidocarpacean miospores. Small fern miospores and 
Laevigatosporites also appear in this part. 
 
3.6.7  Seam V succession 
 
The 5 m thick seam V succession constitutes the youngest part of the studied profile (Fig. 3-3 f) and 
28 samples were analysed for miospore content (Table 3-3 f, detailed analyses see Appendix C7). 
Coarse-grained siltstone and sandstone below and above the seam V section yielded only poorly 
preserved miospores and are not considered. The lowermost miospore-bearing part of the seam V 
section covers 0.6 m of fine-grained sedimentary rocks, overlain by 0.5 m of a coal/organic-rich 
mudstone alternation, and 2.6 m of fine-grained and organic-rich sedimentary rocks with a thin coal 
layer of 0.1 m. The top consists of a 1.3 m thick coal seam with thin clastic interlayer of 0.23 m and a 
thin claystone layer of 0.1 m on top of the coal seam. The ash content at the upper coal sequence is in 
general low (ø 4 vol.-%) in contrast to the other coal samples of the seam V succession, which are 
characterized by medium to high ash contents (ranging between 10 and 50 vol.-%). 
 
Based on the palynology, two intervals can be differentiated. The lower interval V I, which covers 
nearly 3.5 m of clastic sedimentary rocks and coal, is dominated by lepidocarpacean miospores 
(minimum >60 %, frequently >80 %). Minor constituents are sigillariostrobacean, sphenophyll and 
small fern miospores sometimes occurring at more than 10 %. The upper interval V II is dominated by 
thin coal layers and seams and shows higher miospore diversity. Two subintervals can be 
distinguished. The lower part, subinterval V IIa, is rich in Lycospora and Granasporites, associated 
with Crassispora and Laevigatosporites. In addition, more than 10 % Florinites occur on average, 
which is above average for the whole seam V succession. The subinterval V IIb begins with a thin 
fern-dominated coal layer, characterized by tree ferns, small ferns and “ferns of unknown affinity”. 
The uppermost coal is dominated by sphenophyll and lepidocarpacean miospores. The interval VIIb is 
terminated by a lycospore-rich clastic layer at the very top. 
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Fig. 3-3 continued: seam V 
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Table 3-3f: Percentage contribution to main plant groups of seam V (250 counts per sample) and results of 
maceral analyses. 
 
 V58 V63 V66 V71 V73 V75 V76 V78 V80 V81 V88 V89 V90 V91 V92 
Sigillariostrobacean 3.2 1.2 9.2 6.0 4.0 0.4 2.8 22.4 19.2 1.2 0.4 0.8 0.8 0.0 2.8 
Lepidocarpacean 72.4 34.0 52.0 22.8 3.6 56.8 54.0 28.8 38.4 75.6 83.6 88.4 94.4 94.0 91.6 
∑ arb. lycopsids 75.6 35.2 61.2 28.8 7.6 57.2 56.8 51.2 57.6 76.8 84.0 89.2 95.2 94.0 94.4 
subarb. lycopsids 5.6 4.0 1.6 6.0 1.6 0.0 2.8 2.0 4.8 2.0 1.2 0.4 1.6 0.0 0.0 
herb.lycopsids 0.8 0.0 0.0 0.0 1.2 1.2 2.0 0.0 1.2 0.0 0.0 0.0 0.0 0.0 0.0 
tree Ferns 1.2 4.8 7.2 7.6 23.6 2.8 3.6 3.6 1.2 2.0 2.0 1.6 0.0 0.0 0.4 
small Ferns 2.8 11.6 7.2 6.8 30.4 6.0 10.0 4.0 5.2 8.0 6.8 2.4 0.4 1.2 2.0 
‘Ferns of different groups’ 2.0 5.2 1.6 2.8 14.0 6.4 2.4 2.0 4.8 0.4 0.8 1.2 0.8 0.0 0.4 
‘Ferns of unknown affinity’ 0.0 0.0 0.0 0.0 1.6 1.2 0.0 0.0 0.0 0.4 1.6 0.0 0.0 0.0 0.0 
∑ Ferns 6.0 21.6 16.0 17.2 69.6 16.4 16.0 9.6 11.2 10.8 11.2 5.2 1.2 1.2 2.8 
Pteridosperms 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Calamites 2.4 2.8 3.6 1.2 12.8 6.8 4.4 5.2 3.2 1.2 0.4 0.0 0.4 0.4 0.4 
Sphenophylls 7.6 32.4 14.4 33.2 5.2 14.4 9.6 18.8 14.0 8.8 1.2 3.2 1.6 4.0 2.4 
∑ Sphenopsids 10.0 35.2 18.0 34.4 18.0 21.2 14.0 24.0 17.2 10.0 1.6 3.2 2.0 4.4 2.8 
Cordaites 1.2 3.6 2.8 12 0.4 2.4 7.6 11.6 7.6 0.4 0.4 1.2 0.0 0.4 0.0 
Extra-basinal plants 0.0 0.0 0.0 0.8 0.0 0.0 0.0 1.2 0.4 0.0 0.0 0.0 0.0 0.0 0.0 
other spores 0.8 0.4 0.4 0.8 1.6 1.6 0.8 0.4 0.0 0.0 1.6 0.8 0.0 0.0 0.0 
Vitrinite 2.0 81.0 87.2 39.2 -- -- 0.8 58.4 63.8 56.4 2.4 5.8 5.4 6.8 85.8 
Inertinite 0.4 3.2 4.2 34.6 -- -- 7.6 7.6 10.0 0.0 0.0 0.0 0.0 0.4 7.8 
Liptinite 5.0 14.8 8.0 26.0 -- -- 15.6 11.4 10.0 0.8 0.6 1.6 2.6 2.4 6.2 
Matrix 92.6 1.0 0.6 0.2 -- -- 76.0 22.6 16.2 42.8 97.0 92.6 92.0 90.4 0.2 
 
Table 3-3f continued: Percentage contribution to main plant groups of seam V (250 counts per sample) and 
results of maceral analyses. 
 
 V95 V96 V97 V102 V104 V105 V106 V107 V112 V122 V123 V124 V131 
Sigillariostrobacean 0.8 10.0 2.0 2.4 3.6 4.0 2.0 4.0 8.0 2.0 5.6 10.8 7.2 
Lepidocarpacean 79.2 66.0 76.8 66.8 70.8 69.2 62.4 62.4 59.2 80.0 66.8 70.4 71.2 
∑ arb. lycopsids 80.0 76.0 78.8 69.2 74.4 73.2 64.4 66.4 67.2 82.0 72.4 81.2 78.4 
subarb. lycopsids 1.6 3.2 2.8 3.6 3.2 2.4 2.8 2.0 4.4 4.0 2.8 0.0 0.8 
herb.lycopsids 0.0 0.4 0.0 0.4 0.0 0.0 0.4 0.8 1.6 0.0 0.4 1.2 1.2 
tree Ferns 0.8 6.4 5.2 3.2 2.0 2.0 4.0 2.4 2.4 1.6 0.8 0.8 0.4 
small Ferns 2.8 0.8 1.6 10.0 10.8 11.2 10.8 11.6 8.8 5.6 4.0 4.0 4.0 
‘Ferns of different groups’ 1.2 0.4 1.2 2.8 0.4 2.0 4.0 2.8 2.4 1.6 0.8 1.6 0.4 
‘Ferns of unknown affinity’ 0.0 0.4 0.0 0.0 0.8 0.4 0.0 2.4 0.4 0.0 0.0 0.4 0.0 
∑ Ferns 4.8 8.0 8.0 16.0 14.0 15.6 18.8 19.2 14.0 8.8 5.6 6.8 4.8 
Pteridosperms 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Calamites 0.4 0.4 0.0 0.8 1.6 3.6 0.8 1.2 2.0 1.2 1.6 1.2 1.6 
Sphenophylls 12.0 7.6 7.6 4.4 3.2 4.0 7.2 5.6 6.8 2.8 14.4 6.4 6.0 
∑ Sphenopsids 12.4 8.0 7.6 5.2 4.8 7.6 8.0 6.8 8.8 4.0 16.0 7.6 7.6 
Cordaites 0.4 3.2 0.8 3.2 2.4 1.2 4.0 2.8 2.0 0.0 2.8 1.2 5.6 
Extra-basinal plants 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
other spores 0.8 1.2 2.0 2.4 1.2 0.0 1.6 2.0 2.0 1.2 0.0 2.0 1.6 
Vitrinite 16.0 15.6 -- 1.0 2.4 -- -- 3.8 -- 23.4 84.8 18.6 1.0 
Inertinite 0.0 0.0 -- 0.2 0.8 -- -- 0.4 -- 0.2 3.8 1.2 0.0 
Liptinite 1.2 3.2 -- 1.2 0.6 -- -- 0.2 -- 1.2 4.8 3.6 3.2 
Matrix 82.8 81.2 -- 97.6 96.2 -- -- 95.6 -- 75.2 6.6 76.6 95.8 
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3.7  Discussion 
 
3.7.1  Statistics  
 
For statistical interpretation, a Detrended Correspondence Analysis (DCA) was applied (Hill and 
Gauch, 1980; Kovach, 1988; Hammer and Harper, 2006), using the statistic software PAST (Hammer, 
Harper and Ryan, 2004). DCA has become an established method for palaeoecological interpretation 
in palynology and palaeobotany over the last few years (e. g. Dimitrova and Cleal, 2007; Willard et 
al., 2007; Hills and Strong, 2007). 
 
For this calculation the major defined plant groups were used as variables to characterize the sampling 
horizons: sigillarians (Crassispora), lepidocarpaceans (Granasporites + Lycospora), subarborescent 
lycopsids (Densospora and related miospores), herbaceous lycopsids (Cirratriradites + 
Anacanthotriletes), cordaites (Florinites), calamites (Calamospora), sphenophylls (Vestispora + 
Laevigatosporites), small ferns (Apiculatisporites, Camptotriletes, Convolutispora, Dictyotriletes, 
Granulatisporites, Deltoidospora, Lophotriletes), tree ferns (Punctatosporites, Raistrickia, 
Reticulatisporites, Savitrisporites, Senftenbergia, Triquitrites) and ‘ferns of different groups’ 
(Cyclogranisporites, Microreticulatisporites, Verrucosisporites). The groups ‘extra basinal plants’, 
‘pteridosperms’, ‘ferns of unknown affinity’ and ‘miospores of unknown affinity’ were not considered 
in the DCA as they include only few miospore specimens (altogether less than 2 % on average). Most 
samples are dominated by lepidocarpaceans. Only few samples show a dominance of sigillarians, 
sphenophylls, ferns or subarborescent lycopsids, partly influenced by lepidocarpaceans. Hence, 
clustering of the palynological data allows the definition of different environments (see below).  
Furthermore, the axes of the DCA also represent two major gradients (Fig. 3-4a). Axis 1, with 
lepidocarpaceans and subarborescent lycopsids as endpoints, shows the geomorphologic gradient: The 
trend from water covered or flooded grounds with high mineral input to domed mires with an 
insignificant sediment input. The two samples of the subarborescent lycopsid association separated 
from the other samples in figure 3-4a are identical with the ones plotted at the top in figure 3-5. Axis 
2, with sigillarians and sphenophylls as endpoints, indicates a differentiation between varying 
environments. The trend reaches from mixed floras over monotonous, lepidocarpacean dominated 
topogenous mires and flood plains to ombrogenous mires with more stunted vegetation. Another 
DCA-plot (Fig. 3-4b) with axis 3 showing ferns and sigillarians as endpoints seems not to indicate a 
special ecological tendency.  
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Fig. 3-4: Detrended Correspondence Analysis (DCA): Lepidocarpacean dominated samples are plotted in the 
blue area, without further sedimentological differentiation. Hence, lepidocarpacean association I and II, 
signifying flood plains and topogenous mires, are summarized. Lepidocarpacean – sigillarian association (brown 
coloured) is produced by clastic samples, indicating high sediment influx. The lepidocarpacean – sphenophyll 
association (pink) includes low ash and low mineral matter coals, typical for slightly domed mires. The 
lepidocarpacean – fern association was encountered in siliciclastics as well as in cordaites-rich coals and 
indicates transitional zones and pioneer floras. The orange coloured subarborescent lycopsid association is 
dominated by densospores. These coals are rich in inertinite and liptinite and have very low ash yields. Hence, 
this association is indicative of ombrogenous mires. 
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Fig. 3-5: Relationship between arborescent, subarborescent and herbaceous plants [%] in coals, organic-rich and 
clastic sedimentary rocks of all seam sequences. The main accumulation (A) of the data presents lycopsid 
dominated forests like flood plains and topogenous forest mires (lepidocarpacean association I and II). In 
addition, sigillarian influenced habitats also were included (lepidocarpacean – sigillarian association). Another 
field (B) represents a rise in herbaceous plants, growing in different environments. Coals, yielding abundant 
sphenophyll miospores, present low ash values and were mostly assigned to lepidocarpacean – sphenophyll 
association. Other samples were rich in ferns and belong to lepidocarpacean – fern association. Some cordaites-
rich coals also belong to this association. Densospore-rich samples (C) show a distinct shift from planar to 
domed mires (subarborescent lycopsid association). 
 
3.7.2  Plant associations 
 
Statistical analysis of the palynological data were complemented by basic sedimentological and coal 
petrographical data to retrieve information about the plant associations and their environment. 
Corresponding to DiMichele and Philipps (1994), Nowak and Górecka-Nowak, (1999), Gastaldo et al. 
(2004) and Greb et al. (2006), six major plant associations, flourishing in habitats that differ with 
regard to geomorphologic gradient and water supply, were defined (Table 3-4) and will be explained 
below: lepidocarpacean association I, lepidocarpacean association II, lepidocarpacean – sigillarian 
association, lepidocarpacean – sphenophyll association, lepidocarpacean – fern association and the 
subarborescent lycopsid association. The average values for the miospore associations are shown in 
Table 3-5, coal petrographical data in Table 3-6. 
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Table 3-4: Number of samples in each seam succession with reference to miospore/plant association and 
environment. 
 
miospore/ 
plant association environment 
number of samples in ∑ 
samples seam  D 
seam 
H 
seam 
K 
seam 
M 
seam 
P 
seam 
V 
lepidocarpacean association I flood plain 11 8 26 15 14 19 93 
 (lepidocarpaceaen spores > 75 %) 7 2 14 4 7 8 42 
 (lepidocarpaceaen spores > 50 %) 4 6 12 11 7 11 51 
lepidocarpacean association II topogenous forest mire 1 6 1 1 11 4 24 
 (lepidocarpaceaen spores > 75 %) 1 6 1 0 6 2 16 
 (lepidocarpaceaen spores > 50 %) 0 0 0 1 5 2 8 
lepidocarpacean – sigillarian 
association 
swamp margin or river 
bank 5 3 1 1 1 0 11 
lepidocarpacean – 
sphenophyll association ombrogenous mire type I 1 2 2 2 3 2 12 
lepidocarpacean – fern 
association 
transitional flora or 
pioneer flora 2 0 0 0 3 3 8 
subarborescent lycopsid 
association ombrogenous mire type II 4 0 0 0 3 0 7 
∑  24 19 30 19 35 28 155 
 
3.7.2.1  Lepidocarpacean association I 
 
The lepidocarpacean association I can be separated in two slightly different sub-associations. The first 
sub-association is characterized by low miospore diversity. Lycospora and Granasporites together 
represent more than 75 % of all miospores. The second sub-association shows a slightly higher 
diversity, although lepidocarpaceans are still the dominant plants. Lycospora and Granasporites reach 
between 50 % and 75 % and other miospore genera are present in significant numbers. In particular, 
these are other arborescent plants such as sigillarians, calamites or cordaites. In some samples 
herbaceous small ferns or sphenophylls are more abundant. This association occurs in mudstones and 
fine clastic siltstones. 
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Table 3-5: Average values of occurrence of plant groups [%] in the different plant associations. 
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lepidocarpacean association I 5.1 73.2 2.4 0.4 2.0 6.7 1.7 1.5 3.4 1.8 1.8 
lepidocarpacean association II 5.8 73.9 1.5 0.2 2.6 5.1 1.2 1.5 6.2 1.3 0.7 
lepidocarpacean – sigillarian 
association 31.3 44.4 2.3 0.9 1.5 3.8 2.6 4.3 4.8 1.9 2.2 
lepidocarpacean – sphenophyll 
association 4.7 45.3 2.5 0.4 2.1 6.0 2.4 1.9 31.3 2.1 1.3 
lepidocarpacean – fern association 4.1 33.5 4.5 1.0 10.1 21.3 4.9 4.9 4.5 7.7 3.4 
subarborescent lycopsid association 3.0 28.3 34.2 0.9 3.0 11.4 2.8 4.9 5.7 2.7 3.1 
 
The dominance of Lycospora and Granasporites indicates a lepidocarpacean rich forest. The two 
genera are abundant in siliciclastic sedimentary rocks indicating that the parent plants grew in a non-
peat-forming swamp environment. These results are consistent with publications by Phillips and 
Peppers (1984), Gastaldo (1987), Demko and Gastaldo (1992) and Pryor and Gastaldo (2000), who 
described lepidocarpacean plants from fine-grained clastic sedimentary rocks in the Pennsylvanian of 
North American swamp environments. Due to the fact that lepidocarpacean plants were adapted to 
water covered habitats, which also is reflected in the specialized root system, growth form, and 
reproductive strategies (Phillips, 1979; DiMichele and Phillips, 1985), the lepidocarpacean association 
I is interpreted as flood plain/“clastic swamp” milieu. Flood plains were the most prevalent 
environment in the examined interval. 
 
3.7.2.2  Lepidocarpacean association II 
 
Miospore composition of the lepidocarpacean association II is similar to association I and shows a 
similar miospore composition. Granasporites and Lycospora are the most abundant miospores. Again, 
two miospore sub-associations can be distinguished. In the first one, Lycospora and Granasporites are 
very dominant and together contribute to more than 75 % of all miospores. In the second sub-
association the assemblage also is characterized by Lycospora and Granasporites, which range from to 
50 % to 75 %. Nevertheless, miospores produced by other plants are more common. Arborescent 
plants like sigillarians, calamites or cordaites occurred as well as the herbaceous small ferns or 
sphenophylls. In contrast to lepidocarpacean association I, which exclusively comes from clastic 
sedimentary rocks, the lepidocarpacean association II has only been observed in coals. These coals 
show high vitrinite, variable ash, and high sulphur contents (see Table 3-6).  
 
Chapter 3: Palaeoecological evolution of Duckmantian wetlands 
 
70 
 
The high vitrinite content indicates a coal-swamp environment with a lepidocarpacean dominated 
flora. In early and mid Pennsylvanian forest mires, arborescent lycopsids were dominant (e.g. Phillips 
and Peppers 1984, DiMichele and Phillips 1985, DiMichele et al. 2002, Gastaldo et al. 2004). 
Lepidophloios was adapted to grow in swamps with standing groundwater and high abiotic stress 
conditions (e.g. DiMichele and Phillips, 1985, 1994). Hence, this coal forming environment is 
interpreted as a topogenous forest mire. These mires were the second most common environments in 
the studied interval.  
 
Table 3-6. Coal petrographical data of the six defined environments. The data set includes average values of 
maceral data, ash yield, Total Organic Carbon (TOC), and sulphur content.  
 
environment palynology sedimentology vitrinite [vol.-%] 
inertinite
[vol.-%] 
liptinite 
[vol.-%] 
mineral 
matter 
[vol.-%] 
ash yield 
[wt.-%] 
TOC 
[wt.-%] 
sulphur 
[wt.-%] 
ombrogenous mire  
type II 
lepidocarpacean + 
sphenophylls mineral matter-poor coal 64.7 22.3 12.1 0.9 3.9 75.7 1.2 
ombrogenous mire  
type I 
densospore-
producer  
(+ lepidocarpacean) 
mineral matter-poor coal 
alternating with  thin 
mudstone layers 
33.4 31.4 21.4 13.8 (*) (*) 0.4 
topogenous mire lepidocarpacean mineral matter-rich coal 64.9 12.4 8.3 14.4 21.2 64.3 2.4 
swamp margin/ 
river bank 
lepidocarpacean + 
sigillarian 
organic matter-rich 
sediment 15.9 3.2 5.3 75.5 - 7.4 - 
lepidocarpacean + 
sigillarian mineral matter-rich coal 57.9 12.9 8.2 21.1 43.3 40.0 1.5 
flood plain 
lepidocarpacean organic matter-poor sediment 3.1 0.3 1.1 95.5 - - - 
lepidocarpacean organic matter-rich sediment 16.9 3.7 4.4 75.0 56.0 - - 
pioneer flora 
lepidocarpacean + 
ferns  
(+ cordaites) 
mineral matter-rich coal 55.6 19.0 12.2 13.2 25.0 60.8 1.9 
lepidocarpacean + 
ferns  
(+ cordaites) 
organic matter-poor 
sediment 2.2 0.4 0.4 97.0 - - - 
 
(*): Ash yield and TOC for samples of ombrogenous mire type II is missing, because a separation of very thin 
coal and mudstone layers was not possible. 
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3.7.2.3  Lepidocarpacean – sigillarian association 
 
A few samples are dominated by Crassispora; others show a composition of over 60 % Crassispora 
combined with Lycospora and occasionally Granasporites, the latter two constituting more than 20 % 
each. Herbaceous sphenophylls rarely reach more than 10 % whereas other plant groups are even less 
significant. Usually, samples yielding this association consist of fine-grained clastic sedimentary 
rocks, in part with higher organic (10 wt.-% TOC on average) input. Only a few coal samples 
produced that association. They have high vitrinite; high ash and medium sulphur contents (see Table 
3-6).  
 
While Lepidodendron and Lepidophloios suggest a standing water environment, the increase in the 
sigillarian miospore Crassispora indicates well drained, sandy soils or periods of seasonal dryness. 
Sigillarians are believed to have grown on emergent areas being more tolerant with regard to water 
table fluctuations (e.g. Phillips and Peppers 1984; DiMichele and Phillips, 1994; Gastaldo et al., 
2004). Hence, it is possible to differentiate two main environments. Crassispora-dominated samples 
from fine-grained sedimentary rocks with small amounts of sand are indicative for river banks or areas 
with sandy soils. Samples with high organic input and abundant Lycospora are indicative for standing 
water environment. However, because Crassispora is dominant (19.6 – 34.8 %), a fluctuating water 
table is likely. 
 
3.7.2.4  Lepidocarpacean – sphenophyll association 
 
In this association Lycospora/Granasporites and Laevigatosporites/Vestispora predominate, the four 
genera accounting for over 60 % of all miospores. Both groups are present at more than 20 %. In 
contrast to the North American flora, where Laevigatosporites and Vestispora also were produced by 
calamites (Balme, 1995), these Ruhr Basin miospores are assigned to herbaceous sphenophylls (Josten 
1991). Herbaceous sphenophylls are distinctly more abundant than in lepidocarpacean association II. 
However, lepidocarpacean miospores also are common.  
 
While herbaceous sphenophylls covered the ground or were scrambling climbers (DiMichele and 
Phillips, 1994), and hence may indicate ombrotrophic conditions, the abundance of lepidocarpaceans 
suggests a rheotrophic environment (e.g. DiMichele and Philipps, 1988). Lepidocarpacean – 
sphenophyll association is frequently associated with very low ash and mineral matter content (see 
Table 3-6). Based on palynological and coal petrographical data, the sphenophyll-rich lepidocarpacean 
– sphenophyll association (sphenophyll miospores 33-65 %) indicates a ‘more domed peat’ 
environment (ombrogenous mire type I). An increase in lepidocarpaceans suggests a ‘less domed peat’ 
environment (Eble and Grady, 1990: fig. 3-6). About half of the samples of this assemblage with 
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abundant lepidocarpacean miospores are associated with high vitrinite content (>80 %), which 
corresponds to the data of Eble and Grady (1990). Sulphur content is varying between 0.8 and 2.1 wt.-
%. 
 
 
 
Fig. 3-6: Relationship between the three most frequent plant groups [%] in coals, organic-rich and clastic 
sedimentary rocks of all seam sequences: Lycopsids, sphenopsids and ferns. Lycopsids are by far the most 
common plants and dominated different environments (A): flood plains (lepidocarpacean association I), 
topogenous mires (lepidocarpacean association II), habitats which were more prone to high sediment influx and 
deposition (lepidocarpacean – sigillarian association) as well as domed mires (subarborescent lycopsid 
association). Sphenopsids, dominated by sphenophylls, are typical for slightly domed mires (B, lepidocarpacean 
– sphenophyll association).  Higher abundance of ferns (C) is less frequent. Ferns were common in non flooded 
regions such as transitional zones and areas with a pioneer flora (lepidocarpacean – fern association). 
 
3.7.2.5  Lepidocarpacean – fern association 
 
This plant association is dominated by Lycospora/Granasporites and fern miospores. Usually 
Lycospora is most common, Granasporites also appears regularly. Fern miospores were mainly 
produced by small ferns; Granulatisporites, Deltoidospora and Lophotriletes occur at 5 % to 10 % 
each. In fact, only one sample (V_73) shows fern dominance, including miospores from small ferns, 
tree ferns and ‘ferns of different groups’. In this sample Triquitrites and Lophotriletes are most 
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abundant with 16.4 % and 12.8 %, respectively, followed by Granulatisporites and 
Microreticulatisporites with more than 8 % each. Altogether, fern miospores represent 68 % of all 
miospores in this sample. Other samples are influenced by fern miospores as well as lepidocarpacean 
miospores; even more than 60 % of all miospores are derived from small ferns and lepidocarpaceans, 
each representing more than 20 %. In some samples with higher miospore diversity Florinites and 
Crassispora are also very common. The lepidocarpacean – fern association mostly has been 
encountered in fine-grained clastic material, except for the Florinites/Crassispora-rich samples, which 
come from a vitrinite-dominated coal with high ash and sulphur contents (see Table 3-6). 
 
The radiation of tree ferns started in the late Westphalian (e.g. Pfefferkorn and Thomson, 1982; 
Phillips and Peppers, 1984); in the Duckmantian they were still a minor constituent of the flora. 
However, a higher abundance of ferns is noticed from both, fine-grained sedimentary rocks and 
vitrinite-rich coal. Since small ferns did not grow in flooded environments, their appearance shows a 
change in the water level. Hence, the fern-dominated vegetation is interpreted as a pioneer or ground 
cover flora on non-flooded soil. Due to the strong abundance of lepidocarpacean miospores and the 
increase of ferns, this environment seems to be a transition zone between flood plain/topogenous mire 
and riverine zone. However, it has to be taken into account that in this interpretation a possible 
mixture of different miospore associations by transport is ignored. In the case of coal seams a more or 
less autochthonous miospore association can be assumed, while in siliciclastics the probability of 
miospores originating from different environments is significantly higher. 
 
3.7.2.6  Subarborescent lycopsid association 
 
In the sample set two types of subarborescent lycopsid associations can be differentiated: one 
dominated by Densospora and related miospores, characterized by more than 60 % densospores, and 
one in which the densospores are reduced while lepidocarpacean miospores are more abundant. 
Densospores, Lycospora and Granasporites reach values between 10 % and 25 %, respectively. Other 
plants like small ferns or Calamites sometimes occur at more than 10 %. Both assemblages were 
isolated from inertinite and liptinite rich coal or very thin alternating coal – mudstone layers. 
Inertinite, mainly represented by fusinite and semifusinite, can be an indicator of forest fires (Scott and 
Glasspool, 2007). Low ash yields can usually be expected in densospore-dominated coals (Greb et al., 
1999; Nowak and Górecka-Nowak, 1999). Some of the coal samples have high ash content (10 – 20 
wt-%) reaching very high values (> 40 wt-%) in the upper part of coal seam D. The high ash content is 
due to very thin intercalated mudstone layers, which could not be isolated from the coal prior to ash 
analysis. Intercalated mudstone layers have been interpreted by Nowak and Górecka-Nowak (1999, p. 
347) as flooding deposits. Sulphur content in these coals is normally very low (0.4 wt.-%), except one 
sample (1.8 wt.-%). Densospore-rich coals with high abundance of ferns and with low ash, sulphur 
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and mineral matter content usually are believed to be deposited in ombrogenous mires (e.g. Littke, 
1987; Eble and Grady, 1990; Greb et al., 1999, 2006). Hence, the densospore-dominated 
subarborescent lycopsid association is assigned to an ombrogenous mire environment (ombrogenous 
mire type II), whereas the assemblage with reduced densospore values implies an intermediate 
position between ombrogenous and topogenous mires. 
 
3.7.3  Mid and late Duckmantian flora in the Ruhr Basin: a general trend 
 
Based on the miospore assemblages the flora of the mid and late Duckmantian in the Ruhr Basin was 
dominated by arborescent plants (Fig. 3-5). Only few samples indicate abundance of a subarborescent 
or herbaceous vegetation. Of the three most common plant groups, lycopsids were dominant, followed 
by sphenophylls and ferns (Fig. 3-6). Other plants like cordaites and calamites occurred infrequently, 
and pteridosperms and extra-basinal plants were extremely rare. Regarding lycopsids, a distinct 
lepidocarpacean dominated flora was most abundant (Fig. 3-7). These results also are reflected by the 
Detrended Correspondence Analysis and correspond with data from North America (e.g. Eble and 
Grady, 1990; DiMichele and Phillips, 1994) and Europe (e.g. Scott, 1977; Cleal, 2005).  
Hence, the following general vegetation can be reconstructed: 
 
Lepidodendron and Lepidophloios characterized the landscape of the Ruhr Basin during the mid to late 
Duckmantian. Lepidodendron was more abundant than Lepidophloios in siliciclastic environments, 
such as flood plains. Both genera also flourished in peat substrate wetlands. Furthermore, both plants 
were also minor constituents in all other environments. Sigillaria appeared irregularly, predominantly 
in habitats like riverine zones but also was found to be infrequent in coal swamps or flood plains. 
Subarborescent lycopsids (Omphalophloios?) could dominate some assemblages of ombrogenous 
mires, whereas herbaceous lycopsids were always extremely rare. Ferns were cosmopolitan in 
occurrence. As a minor constituent of the vegetation, ferns were primarily ground cover or climber-
like lianas or vines (DiMichele and Phillips, 2002; Krings et al., 2003). Tree ferns were still rare 
during the Duckmantian (DiMichele and Phillips, 2002), which also is reflected in the results of our 
study. At rarely encountered horizons, dominance of small ferns and tree ferns is interpreted as pioneer 
flora or transitional zone between topogenous and ombrogenous mires. Usually, Calamites was rare 
and only more common in a thin layer in coal seam D succession. Sphenophylls occurred regularly, 
but especially were common in the upper parts of coal seams. Cordaites appeared from time to time in 
different habitats, remaining common in environments with clastic substrates, where they formed a 
pioneer flora together with ferns, sphenophylls, sigillarians, and lepidocarpaceans. All other plant 
groups occurred only very sporadically in different environments. 
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Fig. 3-7: Relationship between arborescent plants [%] in coals, organic-rich and clastic sedimentary rocks of all 
seam sequences: Lepidocarpaceae, Sigillariostrobaceae and other arborescent plants (tree ferns, cordaites, 
calamites). Area A shows a strong influence of Sigillaria and represents lepidocarpacean – sigillarian 
association. Area B involves all other associations. All in all, clastic sedimentary rocks are with two exceptions 
dominated by lepidocarpaceans, whereas organic-rich sedimentary rocks and coals show a higher diversity of 
arborescent plants. 
 
3.7.4  Evolution of environments in the seam successions 
 
In the studied sections, palynological and coal petrographical data indicate a predominance of water 
flooded areas: Flood plains were most widespread, followed by topogenous forest mires, swamp 
margin zones and ombrogenous swamps (Table 3-4). The six coal seam sections are composed of a 
recurring succession of these four environments:  
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Internal variation occurs in all seam successions and often transitional zones exist. 
 
3.7.4.1  Seam D succession 
 
Interval D I of the seam D succession is dominated by a flood plain environment. However, two small 
fern-rich intercalations suggest a temporal low standing water level. The second interval D II shows 
organic-rich clastic sedimentary rocks at the base with high abundance of Crassispora, Granasporites 
and Lycospora. At the top of D II the percentages of Granasporites and Lycospora increase. The 
following interval D III with thin sulphur-impoverished coal layers and abundant densospores presents 
progressive ombrogenous mire conditions. Interval D IV starts with a lepidocarpacean-dominated 
topogenous mire in the uppermost part of the seam, which indicates a rapid increase of the water level, 
subsequently followed by flood plain sedimentation.  
 
3.7.4.2  Seam H succession 
 
In the seam H succession flood plains formed the base (H I), followed by the coal of interval H II. The 
vitrinite-rich coal is dominated by lepidocarpacean miospores, like in topogenous mires. However, the 
low ash (ø 3.7 wt.-%) and very low mineral matter content (ø 1.5 vol.-%) usually are considered to be 
typical of domed mires (e.g. Littke, 1987; Nowak and Górecka-Nowak, 1999). In the Ruhr Basin 
seams with low mineral and clay content are assigned to type II and III seams which are of raised bog 
origin (Littke, 1987). This interval is therefore interpreted as a planar mire that periodically became 
slightly domed. However, with interval H III an increase in sphenophylls at the top of the coal seam 
indicates a general shift into a domed mire. With subsidence of the domed mire a wet environment (H 
IV) developed, dominated by sigillarians. Finally, flood plains at the top terminated seam H 
succession (H V). 
 
3.7.4.3  Seam K succession 
 
Since the lowermost part of seam K succession only yielded poorly preserved miospores, no data are 
available for that section. However, based on sedimentological comparison with the other seam 
sections the appearance of flood plains can be inferred. Hence, because of a drop in water level the 
environment became drier (K I) followed again by rising water level, which resulted in a topogenous 
mire (K II). This topogenous mire developed into an ombrogenous mire (K III). Furthermore, at the 
top of the coal seam Lycospora becomes dominant and densospores increase. Therefore, it seems that 
the domed mire collapsed into a planar mire form before the environment changed into flood plains 
again (K IV). 
  
Chapter 3: Palaeoecological evolution of Duckmantian wetlands 
 
77 
 
3.7.4.4  Seam M succession 
 
Flood plains formed the base of the seam M succession (M I), followed by the small coal layer (M II). 
This coal layer is dominated by sphenophylls and characterized by low mineral matter and low ash 
content, interpreted as ombrogenous mire. The top of seam M (M III) represents flood plains again. In 
this seam succession evidence of topogenous mires is missing. Hence, an erosion of the planar mire is 
supposed.  
 
3.7.4.5  Seam P succession 
 
The lowermost interval of the seam P succession (P I) represents a flooded environment. Flood plains 
alternate with topogenous mires. The section can be divided into two coal bearing units. The lower 
coal layer shows high abundance of Crassispora in one sample, which indicates a short-term shift to 
temporary lower water level of the planar mire. The topogenous mire that is found in the upper coal of 
P I developed into a raised bog in interval P II. This is suggested by the high occurrence of herbaceous 
plants like sphenophylls and ferns, and a decrease in lepidocarpaceans. Furthermore, these coals have 
low ash yields and very low mineral content. After a rise in water level a thick flood plain sequence 
followed (P III). With the appearance of the second coal seam (P IVa) a planar mire developed again, 
followed by a swamp (P IVb), which was dominated by lepidocarpaceans, ferns and cordaites. 
Subsequently, the mire domed and developed into an ombrogenous mire (P IVc) until subsidence of 
the mire and rising of the water level resulted in greater lepidocarpacean abundance and also higher 
clastic input. Miospore preservation in the uppermost, ash-rich part of the seam P succession is poor, 
but when compared to other seam successions a flood plain habitat may have been present, too. 
 
3.7.4.6  Seam V succession 
 
Flood plains dominated the base of seam V succession (V I). Thin coal layers show a periodic shift to 
topogenous mire conditions. Subinterval V IIa is characterized by an alternation of pioneer floral 
phases and topogenous mires. Later the mire domed up and was replaced by an ombrogenous mire (V 
IIb). The uppermost top of the coal seam is dominated by Lycospora, representing planar mire again 
and implicating a fast change into a water covered milieu. Poor miospore preservation in the upper 
part of the seam V succession hampers further interpretation but sedimentological data (grain size, 
lamination) suggest the existence of flood plains. 
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3.8  Conclusions 
 
Based on sedimentological, coal petrographical and most importantly palynological data, six plant 
associations have been defined, representing six different environments: lepidocarpacean association I 
(flood plains), lepidocarpacean association II (topogenous mires), lepidocarpacean – sigillarian 
association (swamp margins or river banks), lepidocarpacean – sphenophyll association (ombrogenous 
mire type I), lepidocarpacean – fern association (transitional flora, pioneer flora) and the 
subarborescent lycopsid association (ombrogenous mires type II).  
 
During the Duckmantian stable climatic and tectonic conditions resulted in a rather uniform 
vegetation. The landscape of the Ruhr Basin was characterized by a dominance of lepidocarpacean 
plants, such as Lepidodendron and Lepidophloios, growing in swampy flood plains and peat substrate 
planar mires. This plant association also has been reported from many other mid Duckmantian coal 
mires or clastic swamps (e.g. DiMichele and Phillips, 1994; Nowak and Górecka-Nowak, 1999; Bek 
and Opluštil, 2006). Sigillarians were present on river banks and swamp margins. Fern-rich swamps 
and domed mires occurred, the latter characterized by stunted plants like sphenophylls or 
subarborescent lycopsids.  
 
Recurring rhythmic successions of plant associations and depositional environments were noticed in 
all six coal seam successions: A lower flood plain was followed by peat substrate topogenous mires, 
which rose up and built an ombrogenous mire. After subsidence and recurrent flooding an upper flood 
plain re-established. This general cycle was temporarily interrupted by other plant associations 
representing local environment variations. Sandbanks and swamp margin zones covered with 
sigillarians regularly occurred, implicating small environmental variations and a lateral shifting of the 
swamp habitat.  
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CHAPTER 4 
 
Evolution of Upper Carboniferous peat swamps of the Ruhr Basin, Germany: 
comparison of palynological, coal petrographical and organic geochemical data 
 
4.1  Abstract 
 
This study focuses on the reconstruction of the environment during peat swamp development. Eight 
coal and sedimentary organic rock bearing seam successions were examined all belonging to the 
Duckmantian (Pennsylvanian, Late Carboniferous). 410 samples were analysed with coal 
petrographical methods, 155 of these also by palynological methods. In addition, on 55 samples 
organic geochemical investigations were carried out with respect to n-alkanes and iso-alkanes. 
 
The established coal petrographical parameters gelification index (GI), tissue preservation index (TPI), 
groundwater index (GWI) and vegetation index (VI) were used to characterize different periods of 
peat swamp development. Furthermore, the new index WCI (= Water Cover Index) was introduced to 
reflect water level conditions by using the ratio between hydrophilous/hygrophilous and mesophilous 
plants. In this study the index is based on palynological data but can be equally applied when 
quantitative macrofloral counts are available.  
 
GI vs. TPI values show two general trends of peat swamp evolution: Low GI and TPI values as 
indicator for drier swamp conditions like ombrogenous mires and high GI and TPI values which show 
a trend to water covered environments like topogenous mires. In addition, ash yields and GWI vs. VI 
data also emphasize a general trend from topogenous to ombrogenous mires. A decrease in water level 
towards the top of the seams and thus resulting in the development of domed mires is reflected by the 
newly introduced WCI. Hence, these parameters show recurrent peat swamp successions, 
characterized by mineral- and vitrinite-rich coals, characteristic for topogenous swamps and an 
evolution towards inertinite/liptinite-rich coals with low ash yield, typical for ombrogenous swamps. 
N-alkane ratios like the carbon preference index (CPI), pristane/n-C17, phytane/n-C18, pristane/phytane 
and the n-C17/n-C27 relationship indicate a strong correlation of these parameters with thermal 
maturity, e.g. CPI values correlate with vitrinite reflectance.  
 
Sulphur/organic carbon (S/TOC) ratios are quite uniform in clastic rocks with low to moderate TOC 
contents, but highly variable in coals, probably reflecting variable sulphate availability during 
deposition of peats. Sphenophyll-rich floral assemblages are restricted to low sulphur environments. 
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Keywords: maceral composition, vitrinite reflectance, CPI, pristane/phytane, coal petrography, 
palynology, Carboniferous, Duckmantian, Ruhr Basin  
 
4.2  Introduction 
 
4.2.1  Objectives 
 
Coals are typical sedimentary rocks of former wetlands, formed under humid climate conditions 
(Taylor et al., 1998). Coal petrography, organic geochemistry, palynology and palaeobotany are 
established methods to gain information on the palaeoecological evolution of wetlands in general and 
of Carboniferous peats in particular. These analytical techniques have the potential to reveal 
palaeoecologic as well as palaeoclimatic trends. Coal petrography has been successfully applied to 
reconstruct the palaeoecological evolution of coal seams (e.g., Diessel, 1986; Calder et al., 1991; 
Amijaya and Littke, 2005) or to deduce the progression of maturity (e.g. Levine and Davis, 1989; 
Sweeney and Burnham, 1990). Petrographical studies on Pennsylvanian coals from western, central 
and south Europe are numerous, e.g., Smith (1968), Teichmüller (1987), Scheidt and Littke (1989), 
Veld et al. (1993), Kotarba et al. (2002), Colmenero et al. (2008). Organic geochemical data provide 
information on bacterial, algal or vascular plant input, on salinity and on redox conditions of coals 
(e.g. Littke et al., 1989, 1990; Piedad-Sánchez et al., 2004). Palynology can be used in 
palaeoecological reconstructions provided that the dispersed miospores can be assigned to the spore 
producing plants. Based on dispersed miospore associations numerous palynological studies evaluated 
the floral composition and dynamics of Pennsylvanian wetlands (e.g. DiMichele and Phillips, 1994; 
Davies and McLean, 1996; Eble et al., 1999, 2003, 2006). Plant impression fossils and especially coal 
ball floras offer a more direct evidence of the vegetation and hence palaeobotanical analyses are a 
standard technique for interpreting Pennsylvanian terrestrial ecosystems. A prerequisite to use 
biomarkers as indicators of depositional environments are unweathered organic matter rich 
sedimentary rocks/coals of low thermal maturity (usually < 1.1 % VRr) while coal petrography and 
palynology can be successfully applied also when thermal maturity is higher. 
 
Although a vast amount of publications exists dealing with aspects of coal petrography, organic 
geochemistry, palynology and palaeobotany of Pennsylvanian coal-bearing successions very few 
studies adopted an interdisciplinary approach covering more than one of these methods. This study 
concentrates on the depositional environments of the Ruhr Basin, north-western Germany during the 
Duckmantian (Westphalian B). Numerous samples were studied using coal petrographical, 
palynological and organic geochemical methods which resulted in a comprehensive data set. Parts of 
the petrographical data were presented earlier in Jasper et al. (2009) and a detailed study on the 
miospore associations and their source vegetation will be published elsewhere.  
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While depositional environments were studied based on sedimentological and petrological 
investigations both for coals and clastic sedimentary rocks of the Carboniferous Ruhr Basin, previous 
studies did not incorporate also palynological data and ash data from coals. Furthermore, this study 
focuses on a limited stratigraphic interval in great detail using fresh sample material from cores. 
Accordingly, a rather large data set is presented and evaluated here with respect to facies evolution 
during the Duckmantian. 
 
Hence, the intention of this study is to compare coal petrographical data, palynological interpretations, 
data on ash content and molecular characteristics of n-alkanes to obtain information on the different 
depositional environments of coals and clastic sedimentary rocks and as a maturity indicator of source 
rocks. 
 
4.2.2  Geological setting 
 
The Ruhr Basin, Germany, is a well investigated Carboniferous coal-bearing basin. It is part of the 
Variscian fold belt, which ranges 2000 km from Poland through Germany, Belgium, France, Britain 
and Ireland to Spain and Portugal and is located northwest from the Rhenohercynian fold belt system 
(Fig. 4-1). The Pennsylvanian strata of the Ruhr Basin show the later stages of Variscian (Hercynian) 
orogenesis (Ziegler, 1990; Oncken et al., 2000; Süss et al., 2007).  
 
 
 
Fig. 4-1: Major geological structures of Central Europe and location of study area. 
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Fig. 4-2: Stratigraphic overview of the Pennsylvanian in the Ruhr Basin. Seam D and seam P1 are illustrated as 
examples for a typical seam sequence. 
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Sedimentary rock sequences were deposited in a tropical, humid climate coastal plain in an equatorial 
region, comparable with time-equivalent paralic basins in Europe and North America (Esterle and 
Ferm, 1990). Periodical sea level fluctuations, initiated by the glaciations on the southern hemisphere 
(e.g. Fielding et al., 2008 and references therein), became rare during Duckmantian and Bolsovian. 
Marine or brackish to marine horizons are the Katharina horizon (Katharina Marine Band), the 
Domina horizon (Domina Marine Band), and the Aegir horizon (Aegir Marine Band, see Fig. 4-2). 
Additionally, subsidence and autocyclic changes in facies influenced the sedimentation of alternating 
mudstones, siltstones, sandstones and coal seams (Süss, 1996, 2005). During the late 
Westphalian/early Stephanian, climate changed to generally drier conditions (e.g. Selter, 1990; 
DiMichele et al., 2001) which resulted in the Ruhr Basin in thinner and more mineral-rich coal seams 
(Littke, 1987; Littke and ten Haven, 1989).  
 
In the Ruhr Basin, coal formation started in the Yeadonian (Namurian C) and lasted until the 
Bolsovian (Westphalian C). About 150 coal seams were generated in the Ruhr Basin during the 
Pennsylvanian, 43 of these during the Duckmantian. 
 
The cumulative thickness of Pennsylvanian sedimentary rocks in the Ruhr Basin reaches up to more 
than 5000 m, of which Westphalian sedimentary rocks cover more than 3000 m (Fiebig, 1969; Wrede, 
2005b). Westphalian D (Asturian) and Stephanian sedimentary rocks are not known within the Ruhr 
area. Pennsylvanian sedimentary rocks crop out in the southern part of the Ruhr Basin, whereas in the 
northern part they are overlain by more than 2000 m of uppermost Palaeozoic and Mesozoic 
sedimentary rocks. The thickness of Duckmantian sedimentary rocks reaches nearly 800 m.  
 
The Duckmantian probably lasted between 1.5 and 2.5 million years (Menning et al., 2000, 2005); in 
this study we focussed on a short time interval, comprising about 1 to 2 million years or less in the mid 
Duckmantian (Fig.4-2). 
 
4.2.3  Palaeoenvironmental overview 
 
To understand the ecology and evolution of Pennsylvanian peat swamp communities, many geological 
studies, including palynology, palaeobotany, sedimentology, coal petrography and geochemistry have 
been carried out in coal basins all over the world (e.g. Marshall and Smith, 1964; Phillips, 1981; 
Kalkreuth et al., 1991; Demko and Gastaldo, 1992; Eble et al., 2001, and many others). 
 
During the Pennsylvanian the flora of the wetland environments changed considerably. The 
Westphalian is characterized by the dominance of lycopsids occurring in wetlands, particularly in 
topogenous swamps. Supra-regional changes during late Westphalian and early Stephanian, like the 
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Variscan tectonic event (Ziegler, 1990; Kerp, 1996) or ice dynamics and global warming (e.g. 
DiMichele et al., 1996; DiMichele and Gastaldo, 2008; DiMichele et al., 2009), resulted in distinct 
modification of plant vegetation. Lycopsid plants were replaced by ferns, especially tree ferns like 
Psaronius. The ferns also colonized drier soils and lowland habitats, along with seed ferns. Cordaites 
were partly common in middle Westphalian wetlands, but were most abundant in the Pennsylvanian 
upland flora, co-occurring with conifers during the Stephanian.  
 
The Pennsylvanian wetlands of the Ruhr Basin are represented mainly by coal swamp environments 
and clastic substrate wetlands. In the clastic substrate wetlands the flora was diverse and allochthonous 
to parautochthonous, whereas in the peat mires diversity was lower and the flora more or less 
autochthonous (Calder et al., 1996; Gastaldo et al., 2004). However, both were dominated by the same 
basic plant groups. The Westphalian macroflora of the Ruhr Basin is remarkably well known and has 
been studied by e.g. Josten (1991, 2005) and Uhl and Cleal (2009). Additional palynological studies to 
interpret the vegetation environments were performed by e.g. Grebe (1966).  
 
4.3  Methods and materials 
 
4.3.1  Sampling 
 
Freshly cored samples of low thermal maturity were obtained from different vertical underground drill 
cores in the active coal mine Prosper-Haniel in a depth varying between 930 m and 1230 m. Samples 
were taken from eight coal seam successions including the over- and underlying siliciclastic 
sedimentary rocks (Fig. 2-5: a-f). Coals, seat earths and organic rich fine-grained siltstones are the 
most common lithologies sampled. The samples represent different environments in the sedimentary 
rock sequence (see Table 4-1). The drill cores were lithostratigraphically examined by DMT Company 
(Deutsche Montan Technology), which also provided coal seam identification. The vitrinite 
reflectance ranged between 0.7 and 1.1 % VRr in coals as well as in clastic sedimentary rocks (Jasper 
et al., 2009).  
 
4.3.2  Maceral analyses and palynology 
 
For maceral analyses 410 samples were prepared. 2x2 cm blocks were cut and embedded in Araldit, a 
two component epoxy resin. The samples were polished in orientation perpendicular to bedding and 
analysed at magnification of 500x. On every sample 500 counts (epoxy was not counted) were made 
and the components vitrinite, inertinite, liptinite and mineral matter were recorded. In the case of more 
than 10 vol.-% vitrinite and inertinite we additionally counted telovitrinite, detrovitrinite, gelovitrinite, 
fusinite and semifusinite, inertodetrinite, macrinite and micrinite. Provided that liptinite reached more 
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than 10 vol.-%, sporinite, cutinite, fluorinite, resinite, liptodetrinite and exsudatinite were counted 
separately. Vitrinite reflectance was measured according to standard procedures following Taylor et al. 
(1998). To evaluate the miospore composition, 125 coal or clastic sedimentary rocks were sampled at 
regular intervals respectively albeit; different interval ranges were selected depending on organic 
content, and were processed using standard palynological techniques.  
 
4.3.3  Ash yield 
 
According to standard procedures (DIN 51718, 2002), coal samples (~1 g) were first powdered and the 
moisture content determined. Subsequently, the ash yield was determined using the DIN 51719 (1997) 
standard procedure. Each sample was measured twice and the results were averaged. 
 
4.3.4  TOC and Sulphur content 
 
Total organic carbon content was quantified with a LECO multiphase C/H/H2O analyser (RC-412), 
sulphur content with the LECO S-200 analyser. For TOC, 100 mg of powdered sample material were 
analysed for samples which are poor in organic matter 100 mg and 30 mg for coal and organic-rich 
claystone. For sulphur content 100 mg of powdered material were used. 
 
4.3.5  Organic Geochemistry 
 
55 coal and clastic sedimentary rock samples from the different seam successions, and with varying 
maceral and mineral content, were powdered and aliquots of 10 g were extracted in a Soxhlet 
apparatus for 48 h, using dichloromethane as solvent. The raw extracts were reduced to a final volume 
of 4 ml by rotary evaporation at room temperature. Extracts were dried over anhydrous sodium 
sulphate and separated by column liquid chromatography using activated silica gel. The fractionation 
resulted into six fractions (for details see Franke et al., 1995; Schwarzbauer et al., 2000), from which 
only the first fraction was analysed containing the aliphatic hydrocarbons.  
GC analysis was carried out on a Carlo Erba 8000 gas chromatograph, equipped with a 30 m x 0.25 
mm Zebron-ZB5 fused silica capillary column. The oven temperature was programmed from 60 °C 
(isothermal line 3 min.) to 300 °C at a rate of 3 °C/min, with a 20 min isothermal period at 300 °C. 
Injection was performed in the split/splitless mode (injector temperature 270° C) with a splitless time 
of 60 seconds. Hydrogen was used as carrier gas at a velocity of approx. 45 cm/s. Detection was 
carried out by a flame ionisation detector (FID). 
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Table 4-1: Coal petrographical and palynological characterization of the eight coal seams. 
 
Section Seam D Seam H Seam K Seam M Seam P1 Seam P2 Seam V1 Seam V2 
6 
(top) 
  11.0 cm  14.0 cm    
  organic-rich claystones  
vitrinite-rich coal 
with medium ash 
content  
   
  
dominance of 
lepidocarpacean 
spores 
 
dominance of 
lepidocarpacean 
spores 
   
5 
12.0 cm 13.5 cm 8.5 cm  11.5 cm  46.0 cm  
vitrinite-rich coal 
with high ash 
content 
organic-rich 
claystones  
vitrinite-rich coal 
with low ash 
content 
 
inertinite/liptinite-
rich coal with 
medium ash 
content 
 organic-rich claystones  
dominance of 
lepidocarpacean 
spores 
high occurrence 
of sigillarian 
spores 
dominance of 
lepidocarpacean 
spores 
 densospore-rich coal  
dominance of 
lepidocarpacean 
spores 
 
4 
27.5 cm 17.0 cm 6.0 cm 4.0 cm 50.0 cm  32.0 cm  
coal with high 
ash content 
inertinite-rich 
coal with 
medium to low 
ash content  
inertinite-rich 
coal with high 
ash content  
organic-rich 
claystones 
vitrinite-rich coal 
with high ash 
content 
 
vitrinite-rich coal 
with low ash 
content 
 
densospore-rich 
coal 
higher 
occurrence of 
herbaceous  
sphenophyll 
spores 
 
dominance of 
lepidocarpacean 
spores 
diverse microflora 
with many fern 
spores 
 
abundant 
herbaceous  
sphenophyll 
spores 
 
3 
27.5 cm 30.5 cm 10.0 cm 9.5 cm 16.5 cm  9.0 cm  
inertinite-rich 
coal with low 
ash content  
vitrinite-rich coal 
with medium ash 
content  
vitrinite-rich coal 
with low ash 
content 
vitrinite-rich coal 
with medium ash 
content 
inertinite-rich coal 
with low ash 
content  
 
vitrinite-rich coal 
with high ash 
content 
 
abundant 
herbaceous  
sphenophyll 
spores 
dominance of 
lepidocarpacean 
spores 
 
high occurrence 
of sigillarian 
spores 
  
dominance of 
lepidocarpacean 
spores 
 
2 
2.0 cm 74.5 cm 49.5 cm 19.0  cm 33.0 cm 63.0 cm 39.5 cm 6.5 cm 
vitrinite-rich coal 
with high ash 
content 
mixed coal with 
low ash content  
mixed coal with 
high to medium 
ash content  
vitrinite-rich coal 
with low ash 
content 
vitrinite-rich coal 
with medium ash 
content 
mixed coal with 
low ash content 
inertinite-rich 
coal with low 
ash content  
mixed coal with 
medium ash 
content  
 
dominance of 
lepidocarpacean 
spores 
 
abundant 
herbaceous  
sphenophyll 
spores 
dominance of 
lepidocarpacean 
spores 
abundant 
herbaceous  
sphenophyll 
spores 
abundant 
herbaceous  
sphenophyll 
spores 
 
1 
(base) 
33.5 cm 25.0 cm 64.0 cm 5.5 cm 68.5 cm 42.0 cm 41.5 cm 39.5 cm 
organic-rich 
claystones 
vitrinite-rich coal 
with high ash 
content 
organic-rich 
claystones 
organic-rich 
claystones 
organic-rich 
claystones 
vitrinite-rich coal 
with high ash 
content 
organic-rich 
claystones 
alternating 
vitrinite-rich 
coals – organic-
rich claystones 
high occurrence 
of sigillarian 
spores 
dominated by 
arborescent 
lycopsid spores 
dominance of 
lepidocarpacean 
spores 
dominance of 
lepidocarpacean 
spores 
dominance of 
lepidocarpacean 
spores 
dominance of 
lepidocarpacean 
spores 
lepidocarpacean 
spores, in some 
samples many 
fern spores 
dominance of 
lepidocarpacean 
spores 
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4.4  Results and Discussion 
 
4.4.1 Petrography, palynology and organic facies: Keys to the depositional history of 
tropical peat 
 
4.4.1.1  Data overview 
 
Table 4-2: Average coal petrographical data for the eight coal seams. 
 
coal  
seam. 
thickness 
[cm] 
telo-
vitrinite 
[vol.-%] 
detro-
vitrinite 
[vol.-%] 
gelo-
vitrinite 
[vol.-%] 
fusinite/ 
semifusinite 
[vol.-%] 
micrinite 
[vol.-%]] 
macrinite 
[vol.-%] 
inerto-
detrinite 
[vol.-%] 
sporinite 
[vol.-%] 
cutinite 
[vol.-%] 
fluorinite 
[vol.-%] 
resinite 
[vol.-%] 
lipto-
detrinite 
[vol.-%] 
ex-
sudatinite 
[vol.-%] 
mineral 
matter 
[vol.-%] 
ash 
[wt.-%]
seam V1 168.0 15.35 39.13 1.78 11.58 2.26 0.54 3.83 13.81 2.24 1.86 0.55 1.12 0.07 5.90 15.9 
Seam V2 48.0 16.20 26.42 1.25 13.82 3.25 0.34 8.43 19.75 1.47 0.51 0.77 2.10 0.00 5.70 28.1 
seam P1 174.5 9.93 26.59 0.93 23.71 2.14 0.28 5.82 11.48 2.38 0.27 0.10 1.52 0.03 14.83 15.4 
Seam P2 105.5 28.12 22.56 0.28 19.20 3.35 0.22 8.59 10.82 2.76 0.22 0.21 1.87 0.45 1.33 
3.3 (top)
40.0 
(bottom)
seam M 28.0 25.78 37.69 1.68 13.14 4.73 0.44 2.30 11.07 1.18 0.17 0.13 0.95 0.30 0.44 7.3 
seam K 149.9 14.16 22.90 0.46 29.15 2.56 0.11 4.13 12.72 0.59 0.06 0.06 1.47 0.03 11.58 24.6 
seam H 160.5 22.18 32.65 0.99 24.00 2.07 0.24 4.88 8.08 1.36 0.05 0.10 1.47 0.34 1.60 7.4 
seam D 102.5 4.79 13.64 0.41 35.76 2.23 0.29 6.19 15.07 0.65 0.01 0.45 1.04 0.08 19.40 19.0 
 
The middle Duckmantian coal samples of the Ruhr Basin cover a thermal maturity between 0.6 % VRr 
for the youngest seam V and 1.1 % VRr for the oldest seam D. These coals are composed mainly of 
vitrinite (average values > vol.-50 %). In some cases inertinite or, less often, liptinite are also 
common, reaching average values of up to 30 vol.-% and 15 vol.-%, respectively (Table 2-2). Detailed 
maceral analysis shows that most samples are dominated by detrovitrinite, telovitrinite and 
fusinite/semifusinite, which together come up to more than 50 % of the macerals in all coals (Table 4-
2). In seams H, M and P2 (see Table 4-2) quite high contents of telovitrinite (average values of 
22 vol.-% and 29 vol.-%) have been encountered. These seams also contain very little mineral matter 
comprising average values of 1.60 vol.-%, 0.44 vol.-%, and 1.33 vol.-% (see Table 4-2). In contrast, 
coals with abundant detrovitrinite and fusinite/semifusinite contain normally more mineral matter. 
This is reflected in the ash yields, which also show lower average values for the seams H, M and P2 
and higher values for the other seams (see Table 4-2). Sporinite values of all seams range between 
11 vol.-% and 20 vol.-% on average, except for seam H with average values up to 8%. Micrinite 
reaches values between 2 vol.-% and 5 vol.-%, whereas the other macerals gelovitrinite, macrinite, 
cutinite, fluorinite, resinite, liptodetrinite, and exsudatinite are present with average values usually 
well below 2.5 vol.-%. Macrinite is known to occur in great abundance in some coals of the Ruhr 
Basin which are also rich in densosporinite (Littke, 1987; Littke and ten Haven, 1989), reflecting an 
ombrogenous mire facies which is extremely poor in mineral matter (Smith, 1968). However, these 
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conditions are rare in the six seam successions investigated in this study. The term ombrogenous mire 
is here used to describe nutrient-poor peat bogs fed by rain water and growing above the general water 
table (raised bogs). In contrast we use topogenous mires for swamp environments below the general 
groundwater table which are usually mineral-rich. 
 
4.4.1.2  Gelification index, tissue preservation index, ash content 
 
The gelification index (GI) and tissue preservation index (TPI) were proposed by Diessel (1986). 
Based on maceral analysis they are now established indicators to correlate coal facies and the 
depositional environment of coals, although some critical remarks have been made (Lamberson et al., 
1991; Crosdale, 1993; Dehmer, 1995; Scott, 2002; Moore and Shearer, 2003; Amijaya and Littke, 
2005).  
 
GI (see formula a) is calculated using the ratio of vitrinite and other gelified macerals (macrinite) 
versus carbonized macerals: 
 
(a) ܩܫ ൌ   ௩௜௧௥௜௡௜௧௘ା௠௔௖௥௜௡௜௧௘
௜௡௘௥௧௜௡௜௧௘ି௠௔௖௥௜௡௜௧௘
 
 
GI is supposed to be associated with the continuity in moisture availability. Hence, a high GI value 
should indicate wet swamp conditions. However, in the Ruhr Basin, macrinite frequently occurs with 
densosporinite in mineral matter poor coals suggesting raised bog conditions (Littke, 1987; Littke and 
ten Haven, 1989). Thus, a high GI value is probably not always indicative for wet swamp 
environments, although this has been suggested (Diessel, 1986).  
 
TPI (see formula b) is calculated by telovitrinite and fusinite/semifusinite versus degraded macerals 
and shows the tissue preservation against the destruction or degeneration of plant material: 
 
(b)  ܶܲܫ ൌ   ௧௘௟௢௩௜௧௥௜௡௜௧௘ାሺ௦௘௠௜ሻ௙௨௦௜௡௜௧௘
ௗ௘௧௥௢௩௜௧௥௜௡௜௧௘ା௚௘௟௢௩௜௧௥௜௡௜௧௘ା௠௔௖௥௜௡௜௧௘ା௠௜௖௥௜௡௜௧௘ା௜௡௘௥௧௢ௗ௘௧௥௜௡௜௧௘
  
 
TPI versus GI is plotted in Figs. 4-3a-f. Fig. 4-3a shows data of all samples. Samples having GI values 
higher than 10 represent predominantly topogenous mire conditions. Many of these samples have low 
TPI values (less than 1) indicating that trees were rare.  
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Fig 4-3: GI vs. TPI: (a) the whole data set; (b) combined with the palynological interpretation; (c) – (f) selection 
of individual coal seams. The numbers are identical with those in Table 4-1. Black arrows show the progression 
of the seam sections, the red arrow shows the general trend. 
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For a more limited data set, detailed palynological studies have been performed. These palynological 
studies, supported by organic petrographical, sedimentological and statistical methods, helped to 
identify six vegetational associations standing for six different environments: lepidocarpacean 
association I (flood plains), lepidocarpacean association II (topogenous mires), lepidocarpacean – 
sigillarian association (riparian zones), lepidocarpacean – sphenophyll association (ombrogenous 
mires), lepidocarpacean – fern association (transitional zones or pioneer flora), and the subarborescent 
lycopsid association (ombrogenous mires). Altogether, arborescent lycopsids were the most abundant 
plants in the interval, based on the dominance of the miospore Lycospora. Hence, Lepidophloios and 
Lepidodendron dominated flood plains and topogenous forest mires formed the landscape of the Ruhr 
Basin during the mid and late Duckmantian. In Fig. 4-3b these palynological data are combined with 
the TPI versus GI plot. Very high GI values (> 100) and high GI values (20 – 100) are predominantly 
typical for arborescent lycopsid influenced environments (Granasporites-Lycospora association I and 
II, Lycospora-Crassispora association, Figs. 4a, 4b, 4d), especially for topogenous mires. Medium GI 
values (0.3 – 20) occur in topogenous as well as ombrogenous environments (e.g. Granasporites-
Lycospora association I and II or lepidocarpacean-sphenophyll association) whereas GI values lower 
than 0.3 are typical for domed mires (subarborescent lycopsid association, Fig. 4-4c). Hence, the ratio 
of arborescent and subarborescent lycopsids or other ground covering plants influences the GI values, 
an increase in arborescent lycopsids resulting in higher GI values.  
 
Samples of fern influenced habitats (i.e. lepidocarpacean-fern association) present typically lower TPI 
values less than 1.0, and samples of the lepidocarpacean-sphenophyll association, typically for 
ombrogenous environments, possess TPI values between 0.5 and 1.75.  
 
However, the bulk of samples plots at GI values between 1 and 20 and for these samples there is no 
clear correlation between miospore association and GI. Also TPI only show a limited correlation with 
miospore composition. A mismatch of palynological and petrological data for coals has been observed 
earlier (Teichmüller and Thompson, 1958).  
 
Fig. 4-3c-f show GI versus TPI data for four individual coal seams, indicating some tendencies from 
bottom to top. The lowest number here always represents the bottom of the coal seam and the highest 
number marks the top (Table 4-1). Arrows indicate the general tendency of coal seam development. 
Two general trends can be deduced. Seams V1 and P1 (Fig. 4-3c, d) show a trend from high GI and 
low TPI values to low GI and high TPI values from bottom to top. This may indicate that swamps 
became drier (more ombrogenous) and more tree dominated. In contrast, seams K and H show a great 
variability and a different trend with highest GI and low TPI values at the top. This may indicate a 
successive drowning of the peat during growth and expansion of the swamp. Often this succession 
recurred during the evolution of a seam (e.g. P1, Fig. 4-3d). While the younger seams (Figs. 4-3c, d) 
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show mostly a homogenous swamp development, the older seams possess a higher differentiation 
(Figs. 4-3e, f).  
 
 
 
Fig. 4-4: Examples of terrestrial facies with different miospore-associations: (a) Granasporites-Lycospora 
association I presenting Lycospora-dominated floodplain, (b) Granasporites-Lycospora association II with 
higher diverse topogenous mire, (c) subarborescent lycopsid association with Radiizonates as dominant 
densospore in this sample representing the typical ombrogenous mire in the Ruhr Basin, (d) Lycospora-
Crassispora association with higher abundance of Crassispora, produced by sigillarians, typically for riverine 
zones. 
 
Additional information on peat forming environments can be deduced from the ash (mineral matter) 
content. Usually, ombrogenous raised bogs which are only fed by rain water contain little mineral 
matter with the exception of some wind-blown particles (Ramanampisoa et al., 1990). In contrast, 
overbank and crevasse splay deposits are common in topogenous mires which accordingly produce 
peats rich in mineral matter (usually 5 to 40 wt.-% ash). In Figs. 4-5 and 4-6, ash yields are plotted 
against GI and TPI, respectively. For the overall data set plotted in Fig. 4-5a there is no correlation 
between the two parameters (Pearson Correlation: 0.3). Additional information was obtained from the 
smaller data set which was also studied palynologically (Fig. 4-5b). Here the lepidocarpacean-
sphenophyll association plots at very low ash and intermediate GI values. This may indicate that these 
peats developed in raised bogs, although GI values are not very low. Fern influenced habitats 
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(Lepidocarpacean- fern association) were found in coals with low or medium ash yield as well as in 
clastic sedimentary rocks. Lycopsid dominated environments (Granasporites-Lycospora association I 
and II, Lycospora-Crassispora association) have moderate to high ash yields and medium to high GI 
values (> 1), except for two samples with lower GI values. The high ash content of two samples of the 
subarborescent Lycopsid association (rich in densospores) is surprising, because this facies does 
usually represent raised bog conditions (Smith, 1968; Littke, 1987; Littke and ten Haven, 1989) and is 
usually very poor in mineral matter. The high ash values are probably related to fast drowning of the 
swamps accompanied by increasing mineral matter deposition. Two samples of that association also 
have very low GI values and occur directly at the top of the seams, hence, representing the peak of 
raised bog evolution. 
 
Most coal seams, except seam D, show a general trend upward from higher to lower ash yields, (Figs. 
4-5c-f). This implicates a trend from topogenous to ombrogenous mires. In seam D this trend is 
reversed at the top: thin clastic layers alternate with coal layers and strongly contribute to high ash 
values. This clastic input probably is associated with a rise of the water table. 
 
In Fig. 4-6, TPI-ash cross-plots are shown illustrating poor or no correlation (Pearson correlation 
0.25). With three exceptions (Fig. 4-6a) high TPI values show moderate to low ash contents (< 15 %), 
whereas low TPI values (< 1.5) present high ash contents. Fig. 4-6b shows the data for the samples 
studied palynologically. Clearly there is no correlation between the plant associations and the highly 
variable TPI values. Most lycopsid dominated coals (Granasporites-Lycospora association I and II, 
Lycospora-Crassispora association) have moderate to high ash contents and moderate to low TPI 
values which might indicate that they represent either topogenous or transitional swamps. Samples of 
the lepidocarpacean-sphenophyll association show a very small defined area with very low ash yields 
(< 2.5 %) and moderate to low TPI values. These TPI values are explained by the herbaceous plant 
growth of the sphenophylls, whereas the lepidocarpacean plants produced more resistant plant 
material, which boosted the TPI values. Fern influenced habitats show low TPI and high ash content. 
 
The four individual coal seams plotted in Figs. 4-6c-f show a tendency of decreasing ash content from 
bottom to top without any clear trend of TPI values. Seam D (Fig. 4-6f) is an exception, because an 
ash rich facies is developed at the top probably due to a slow increase of the water table. 
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Fig. 4-5: GI vs. Ash yield: (a) the whole data set; (b) combined with the palynological interpretation; (c) – (f) 
selection of individual coal seams. The numbers are identical with those in Table 4-1. Of some sections no ash 
yields were measured, hence, these numbers are missing in diagrams. The light grey coloured field is 
reconstructed by using mineral data because no ash yields were measured from sedimentary rocks. Black arrows 
show the progression of the seam sections, the red arrow shows the general trend.   
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Fig. 4-6: TPI vs. Ash yield: (a) the whole data set; (b) combined with the palynological interpretation; (c) – (f) 
selection of individual coal seams. The numbers are identical with those in Table 4-1. Of some sections no ash 
yields were measured, hence, these numbers are missing in diagrams. The light grey coloured field is 
reconstructed by using mineral data because no ash yields were measured from sedimentary rocks. Black arrows 
show the progression of the seam sections, the red arrow shows the general trend.  
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4.4.1.3  Groundwater index versus vegetation index 
 
The groundwater index (GWI) and the vegetation index (VI) were introduced by Calder et al. (1991) 
for Duckmantian coals of Nova Scotia, Canada. While GWI shows the influence of rheotrophic 
swamp conditions, VI describes the relationship between macerals derived from forest and 
herbaceous/aquatic plant communities. 
 
The GWI (see formula c) is calculated using vitrinite and mineral matter and shows the ratio between 
strongly gelified material plus mineral matter and weakly gelified tissues: 
 
(c) ܩܹܫ ൌ   ௚௘௟௢௩௜௧௥௜௡௜௧௘ା௠௜௡௘௥௔௟௦
௧௘௟௢௩௜௧௥௜௡௜௧௘ାௗ௘௧௥௢௩௜௧௥௜௡௜௧௘
 
 
VI (see formula d) depends on vitrinite, inertinite and liptinite and is similar to the TPI of Diessel 
(1986): 
 
(d) ܸܫ ൌ   ௧௘௟௢௩௜௧௥௜௡௜௧௘ାሺ௦௘௠௜ሻ௙௨௦௜௡௜௧௘ା௥௘௦௜௡௜௧௘
ௗ௘௧௥௢௩௜௧௥௜௡௜௧௘ା௜௡௘௥௧௢ௗ௘௧௥௜௡௜௧௘ା௖௨௧௜௡௜௧௘ା௙௟௨௢௥௜௡௜௧௘ା௦௣௢௥௜௡௜௧௘ା௟௜௣௧௢ௗ௘௧௥௜௡௜௧௘
 
 
Diagrams with GWI plotted versus VI are illustrated in Figs. 4-7a-f. Fig.4-7a shows the whole data 
set. The general trend reveals no correlation (Pearson Correlation: 0.2) of high GWI and VI values.  
GWI values associate quite well with palynological data (Fig. 4-7b): Very low GWI values (< 0.1) are 
typical for coals characterized by the lepidocarpacean-sphenophyll association. As mentioned above, 
this association is characterized by very low ash contents and seems to indicate ombrogenous 
conditions rich in sphenophylls. Medium GWI values (between 0.1 and 1.0) show a transitional 
environment between ombrogenous and topogenous swamps. Many of these samples yielded a 
miospore assemblage rich in fern spores. High GWI values (higher than 1.0) are typical for habitats 
which are strongly influenced by arborescent lycopsids, such as environments with standing water 
level (flood plains, topogenous mires) or areas with sandier soils, where sigillarians being more 
tolerant with regard to water table fluctuations were an important constituent of the flora (e.g. Phillips 
and Peppers, 1984; Greb et al., 2006). Higher GWI values of the subarborescent lycopsid association 
(ombrogenous mires) may be due to thin mineral rich layers, occurring at the top of the coal seams and 
marking a flooding of the raised bogs. 
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Fig.: 4-7: GWI vs. VI: (a) the whole data set; (b) combined with the palynological interpretation; (c) – (f) 
selection of individual coal seams. The numbers are identical with those in Table 1. Black arrows show the 
progression of the seam sections, the red arrow shows the general trend.  
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Figs. 4-7c-f show GWI versus VI data for the seams V1, K, H and D. The trends are similar as in the 
GI, TPI and ash plots (cf. Figs. 4-5c-f, 4-6c-f, 4-7c-f). In seams V1 and D (Fig. 4-7c, f) high GWI/low 
VI at the bottom gradually change to lower GWI/high VI values at the top, indicating a decreasing 
water level and an evolution from topogenic to ombrogenic mire conditions. Such an evolution is quite 
typical for many modern peat successions (Anderson, 1964; Esterle and Ferm, 1994). In seam D (Fig. 
4-7f), the uppermost layers (4 and 5) show higher GWI values than the central part. This might 
indicate an increasing groundwater table, before more rapid inundation stopped peat development. In 
contrast, seams H and K show no clear trends.  
 
4.4.1.4  Water cover index 
 
The new Water Cover Index (WCI) is here introduced to reflect the ratio of hydrophilous/hygrophilous 
vs. mesophilous plants (for definitions see Pfefferkorn, 1980). In the present study, information on the 
plant association is based on dispersed miospores which can be assigned to their producing 
fructification and hence whose botanical affinity is well known. However, the WCI can also be 
calculated from macrofloral data, e.g. from plant impression floras. The index compares the proportion 
of plants which grew predominantly in water saturated (hygrophilous plants) or water covered 
(hydrophilous plants) soils (lepidocarpaceans, sigillariaceans, tree ferns, and calamites) with those 
flourishing in drier habitats (mesophilous plants, e.g. herbaceous and subarborescent lycopsids, small 
ferns, and sphenophylls). 
 
Lepidocarpaceans were the most prevalent plants in the early and middle Westphalian swamp 
communities (e.g. DiMichele and Phillips, 1985, 1994; Peppers, 1997). Sigillariaceans were common 
in wet habitats within non peat-forming environments such as riparian zones or mire margins and 
sandier soils (Phillips and Peppers, 1984; Greb et al., 2006). Tree ferns colonized predominantly as 
pioneer flora clastic influenced habitats such as sandier riverine banks or paludal swamps as well as 
wetland margins (e.g. Greb et al., 2006). Calamites preferred wet environments with rather nutrient-
impoverished sandy soils like riparian margins or environments with higher sediment input (e.g. 
Phillips and Peppers, 1984; DiMichele and Phillips, 1994). However, they also inhabited topogenous 
mire habitats (Greb et al., 2006).  
 
Subarborescent lycopsids were found in ombrogenous mire vegetation (e.g. Greb et al., 1999, 2006), 
and dominated the vegetation of domed mires in the Ruhr Basin (Littke, 1987). Herbaceous plants like 
small ferns, herbaceous lycopsids and sphenophylls colonized open-moor environments or grew as 
herbaceous groundcover-plants in the underwoods of non-flooded habitats (e.g. DiMichele and 
Phillips, 1994, Thomas, 1997). 
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The cordaites were excluded in the WCI as they favour a wide variety of environments. They were 
very common in mire environments and flourished in wet, peat-forming habitats (Phillips et al., 1985; 
DiMichele and Phillips, 1994) but were also a component of the upland flora (Falcon-Lang and Scott, 
2000; Falcon-Lang and Bashforth, 2004). Dispersed miospores assigned to cordaites constitute only 
about 2 % of the total assemblage and can be neglected when calculating the WCI. Also miospores 
related to extra-basinal floras (see Pfefferkorn, 1980) were not considered in the index. These spores 
represent a small proportion of the overall miospore association (usually < 2 %) and are assumed to be 
transported over some distance prior to deposition and not to reflect the local palaeoenvironment. The 
calculation of the Water Cover Index (WCI) reads as follows (formula e): 
 
ሺ݁ሻ ܹܥܫ ൌ   ௟௘௣௜ௗ௢௖௔௥௣௔௖௘௔௡௦ା௦௜௚௜௟௟௔௥௜௔௖௘௔௡௦ା௧௥௘௘ ௙௘௥௡௦ା௖௔௟௔௠௜௧௘௦
௛௘௥௕௔௖௘௢௨௦ ௟௬௖௢௣௦௜ௗ௦ା ௦௨௕௔௥௕௢௥௘௦௖௘௡௧ ௟௬௖௢௣௦௜ௗ௦ା௦௠௔௟௟ ௙௘௥௡௦ା௦௣௛௘௡௢௣௛௬௟௟௦
 
 
 
 
Fig. 4-8: WCI vs. GI plot shows no correlation (Pearson Correlation: 0.1), but allows a differentiation of the 
plant associations. 
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Fig. 4-9: Generalized profiles of seams D and P1 and WCI values. 
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WCI was plotted against GI in Fig. 4-8. Although there is no correlation (Pearson Correlation: 0.1), 
different plant associations are clearly visible and can be delineated. Granasporites-Lycospora 
association I and II and Lycospora-Crassispora association, representing flooded or water saturated 
environments like flood plains, topogenous mires and riverine or swamp margin zones show normally 
WCI values of 5 to more than 20, whereas lepidocarpacean-sphenophyll association or subarborescent 
lycopsid association, which are representing ombrogenous mires, are characterized by low WCI values 
(WCI < 2). Fern influenced habitats (lepidocarpacean-fern association) also represent lower WCI 
values (WCI < 3). WCI values also were plotted together with the seam profiles (seam D and seam P1 
in Fig. 4-9). In seam D the decreasing WCI reflects a decreasing water level from the bottom to the 
upper part of the seam resulting in the development of domed mires. At the very top the WCI 
increases suddenly which is indicative for a rapid rise of the water level flooding the swamp. 
Enhanced mineral input at the top of the coal seam also suggests an increase of the water table. With 
regard to WCI seam P1 exhibits a similar evolution as in seam D but lacks the marked increase in 
water level at the top. Instead, seam formation ceased after development of domed mire. 
 
4.4.2  Aliphatic hydrocarbons and organic facies 
 
Bituminous coals are known to be rich in bitumen which has been generated from the cracking of 
bonds within the coal structure (e.g. Brooks and Smith, 1969; Derbyshire et al., 1986). The molecular 
composition of these bonds can provide important clues towards organic facies and depositional 
environment. We concentrated on the relative abundance of n-alkanes and the two major iso-alkanes 
pristane and phytane and tried to relate these data to i) petrology of coals, and ii) maturity as expressed 
by vitrinite reflectance and Tmax-values. The latter have been reported in a previous paper (Jasper et al., 
2009). Furthermore, data on some clastic rocks and carbonaceous shales which have been taken 
directly above and below the coals are presented for comparison. Average values for coals and 
sedimentary rocks of geochemical data are shown in Table 4-3.  
 
Table 4-3: Average VRr [%], Tmax[°C] and n-alkane ratios for coals and sedimentary rocks of the six seam 
successions. 
 
seam VRr [%] Tmax [°C] 
pristane/ 
 n-C17 
phytane/  
n-C18 
pristane/ 
phytane CPI 
n-C17/ 
n-C27 
seam Vcoal 0.74 431 5.29 0.61 9.10 1.21 1.16 
seam Vsediment 0.81 435 2.70 0.36 7.93 1.11 2.82 
seam Pcoal 0.85 431 4.27 0.51 7.62 1.10 2.43 
seam Psediment 0.91 436 2.01 0.25 7.36 1.07 3.51 
seam Mcoal 0.91 443 4.47 0.54 7.96 1.05 4.16 
seam Msediment 0.96 440 1.10 0.27 3.10 1.12 3.40 
seam Kcoal 0.86 446 3.15 0.39 7.02 1.08 4.57 
seam Ksediment 0.92 445 1.17 0.23 5.38 1.04 8.22 
seam Hcoal 0.93 446 2.32 0.30 5.87 1.05 3.62 
seam Hsediment 0.99 449 1.82 0.90 2.90 1.21 4.41 
seam Dcoal 0.98 449 0.81 0.23 4.66 1.11 7.38 
seam Dsediment 0.94 449 0.51 0.13 4.06 1.00 4.97 
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Vitrinite reflectance and Rock-Eval Tmax values have been discussed in great detail in Jasper et al. 
(2009). Here, these maturity parameters are used just for comparison with molecular geochemical data 
and ratios. With respect to coals, there is an increase of VRr with stratigraphic age from 0.74 % to 
0.98 % (Table 4-3). Similarly, Tmax increases from 431 to 449 °C. Pristane/n-C17 and phytane/n-C18 
ratios decrease with stratigraphic age and are clearly maturity related (Fig. 4-10a-d) although the 
scatter within each individual coal seam is significant (Jasper et al., 2009). Pristane/n-C17 ratios are 
clearly lower in clastic sedimentary rocks than in coals, showing a “more mature” signal (Fig. 4-10a). 
This observation can be tentatively explained by an influence from migrated bitumen in the clastic 
sedimentary rocks coming from deeper parts of the coal-bearing sequence. There, the respective coaly 
source rocks are expected to be more mature. In addition, it should be taken into account that below 
seam D the Carboniferous succession in the Ruhr Basin does include several marine black shales 
which could also contribute to the migrated bitumen. Obviously, the coals are less affected by this 
migrated bitumen and show a more indigenous signature with higher pristane/n-C17 ratios. 
Nevertheless some impregnation by migrated bitumen cannot be ruled out for the coals. This is 
probably due to the high amount of bitumen generated and conserved within the coal seam. Similar 
observations were made with respect to phytane/n-C18 ratios (Fig. 4-10b), but absolute values are 
much lower and there is one exceptional high ratio in the clastic sedimentary rocks close to coals of 
seam H (0.90).  
 
Pristane/phytane ratios are very high in the youngest coals V, P, and M and decrease with increasing 
maturity (Fig. 4-10c). Such high values are typical of coal-derived bitumen at moderate levels of 
maturity (Radke et al., 1980). A similar trend and similar absolute values have been reported by Littke 
et al. (1990) for an almost identical maturity interval. These authors also proved that phytane 
concentration does not change significantly with maturity whereas there is a strong decrease in 
pristane concentration.  
 
Carbon preference index (CPI; Peters et al., 2005) values were calculated for the n-alkane range of n-
C26 to n-C28 (formula f): 
 
(f)  ܥܲܫ ൌ ଶכ௡஼ଶ଻
௡஼ଶ଺ା௡஼ଶ଼
 
 
This ratio decreases with increasing maturity (from about 1.2 to 1.0), but with much scatter. In the 
clastic sedimentary rocks adjacent to the coals, values are in the same range, but also with much 
scatter (Table 4-3). A more pronounced maturity trend was found for the ratio of heptadecane over 
heptacosane (n-C17/n-C27) which increases strongly with stratigraphic age and maturity from 1.1 to 8.3 
(Fig. 4-10d). This is attributed to a preferential cracking of long hydrocarbon chains during maturation 
leading to a decreasing concentration in long chain n-alkanes at maturities above 0.8 % VRr. 
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Simultaneously, absolute concentrations of shorter chain n-alkanes increase (Littke et al., 1990). n-
C17/n-C27 ratios of clastic sedimentary rocks are in a similar range as those in the coals (Table 4-3), but 
show a slightly less pronounced depth trend. Especially the clastic sedimentary rocks close to coal K 
show very high ratios, indicating an influence of migrated bitumen from greater depth.  
 
 
 
Fig. 4-10: Plots of organic geochemical parameters, based on n-alkane ratios: Average values for coal and 
sedimentary rocks of the seams and general statistic trends are represented for (a) VRr vs. pristane/n-C17, (b) 
VRr vs. phytane/n-C18, (c) VRr vs. pristane/phytane, VRr vs. n-C17/n-C27. 
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Pristane/n-C17 ratios are plotted in figures 4-11a-c against phytane/phytane (Fig. 4-11a), n-C17/n-C27 
(Fig. 4-11b) and phytane/n-C18 (Fig. 4-11c) ratios. In some cases, there is a good correlation between 
these molecular geochemical parameters. In particular, pristane/n-C17 ratios greater than 4 coincide 
with pristane/phytane ratios greater than 7 and with n-C17/n-C27 ratios below 3 (with one exception).  
 
 
 
Fig. 4-11: lots of (a) pristane/n-C17 vs. pristane/phytane; (b) pristane/n-C17 vs. n-C17/n-C27; (c) pristane/n-C17 
vs. phytane/n-C18. 
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The coal samples for molecular geochemical analyses were selected based on the percentages of 
vitrinite, inertinite, and liptinite. Correlation between these percentages and molecular parameters is 
poor, no matter whether the entire data set or only the samples from one coal seam are compared. 
Similar observations were made before (Littke et al., 1990) and indicate a redistribution of 
hydrocarbons within the coal seams. Bitumen and especially saturated hydrocarbons obviously are 
transported within the coal seams, so that the molecular parameters of different facies types show little 
variability. Palynological parameters indicating for example ratios of arborescent plants over 
herbaceous plants also do not correlate with molecular geochemical parameters based on solvent 
extracts. Much better correlations can be expected only for parameters derived from kerogen/coal 
pyrolysis (e.g. van Bergen et al., 1993; Zhang et al., 1993; Stankiewicz et al., 1996; Dutta et al., 2006). 
 
4.4.3  Organic carbon, sulphur and organic facies 
 
Not only ash yield but also sulphur content of coals strongly depends on the depositional environment 
(e.g. Berner and Raiswell, 1983; Leventhal, 1983; Berner, 1984; Littke et al., 1991; Lallier-Vergès et 
al, 1997). For example, coals overlain by marine horizons are known to have high sulphur contents, 
because average seawater is enriched in sulphate compared to average freshwater. Most of our clastic 
rock samples plot along a trend defined by S=0.03*TOC + 0.07 (Fig. 4-12). Thus, sulphur over 
organic carbon ratios are much lower than in marine sediments (Berner and Raiswell, 1983). However, 
there are a few samples which show exceptionally high S/TOC ratios. Almost all these clastic rock 
samples with high S/TOC ratios occur directly below or above the coals. Microscopically, they are 
characterized by abundant pyrite. 
 
S/TOC ratios are always lower than 0.1 in coals. We have grouped the coals in three domains in Fig. 
4-12. Group A contains coals which are all high in TOC and low in sulphur (< 2 wt.-%). Such low ash 
and low sulphur coals typically occur in ombrogenous mires (which by definition only are fed by 
rainwater) and especially in raised bogs, although we acknowledge that they can also be present in 
topogenous mires. In contrast, high sulphur and/or high ash coals often represent topogenous mires. 
They occur in field C in Fig.4-12, whereas the intermediate samples occur in field B. Within groups B 
and C there are samples which are both high in sulphur and ash content (marked B1 and C1 in Fig. 4-
12), respectively, and others which are high in ash at moderate to low sulphur contents (B2 and C2 in 
Fig. 4-12). Usually, most of the ash in the Carboniferous coals occurs as distinct layers (Littke and ten 
Haven, 1989) which are attributed to river-derived overbank deposits. The clay minerals within the ash 
layers are rich in iron which can react with hydrogen sulphide derived from bacterial sulphate 
reduction to form iron monosulphide and ultimately iron disulphide (pyrite and marcasite). Because 
iron and organic matter are present in this environment in very high abundance, sulphur availability 
will be the limiting factor for pyrite/marcasite precipitation. Accordingly, the high variability in 
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sulphur content of ash-rich coals may represent vastly different sulphate contents in flooding water 
and/or pore water within the peat. 
 
 
 
Fig. 4-12: General plot of sulphur [%] vs. TOC [%]. 
 
Figs. 4-13 a-f illustrate S/TOC relationships for six individual coal seams. Seams H, K, and P2 show a 
tendency towards less ash/less sulphur from bottom to top (Figs. 4-13 c, d, e) which we interpret as an 
evolution from topogenous towards ombrogenous conditions. Seam D (Fig. 4-13f) represents an ash 
and sulphur poor coal which may have developed from an ombrogenous mire. Only at the very top is 
higher ash content observed, but without any increase in sulphur content. In contrast, seam V1 (Fig. 4-
13a) is very rich in sulphur (up to 5 wt.-%) in the upper part. The high sulphur content coincides with 
moderate to high ash content and may be attributed to brackish/marine incursions. Another pattern is 
observed in seam P1 (Fig. 4-13b) which is low in ash and sulphur with the exception of an extremely 
pyrite/marcasite rich layer (10 wt.-% sulphur) at the very top. Such layers at the top of coal seams 
have been occasionally observed (Tucker, 1919) and may represent reducing bottom water conditions 
at times of very low sedimentation rates. This could occur when the water level rose to such an extent 
that no higher plants could root in the water. The high organic matter content of the peat enabled 
sulphate reduction and, subsequently, pyrite/marcasite formation. 
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4-13: Plots of sulphur [%] vs. TOC [%] for a selection of individual coal seams. The numbers are identical with 
those in Table 4-1. Black arrows show the progression of the seam sections. The dashed arrow shows the 
evolutional tendency in the clastic sedimentary rocks with TOC values lower than 40 %. 
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The interpretation of palynological data and the correlation with S/TOC relationships generally shows 
a trend for Granasporites-Lycospora association I and II. In addition, sphenophyll influenced coal 
samples are characterized by low sulphur content (1.2 % on average) and TOC values of about 80 % 
(excluding one sample with TOC of about 50 %), typical for ombrogenous mire facies. These results 
fit very well with palynological and coal petrographical interpretation. Other defined miospore 
associations show only a poor correlation with S/TOC ratios. 
 
4.5  Conclusions 
 
The studied Duckmantian sedimentary interval includes eight coal seams corresponding to six seam 
successions. The following conclusions can be drawn with respect to coal petrography, palynology 
and organic geochemistry: 
 
(1) 
In general, maceral analyses show recurrent coal seam successions representing the same peat swamp 
development: The bottom of the succession is built by organic rich sedimentary rocks, followed by 
mineral influenced vitrinite-rich coals, typically of topogenous swamps. The top is often composed of 
more inertinite/liptinite-rich coals with low ash yield, representing ombrogenous mires.  
 
(2) 
Coal petrographical parameters like gelification index (GI), tissue preservation index (TPI), 
groundwater index (GWI) and vegetation index (VI) are useful, but partly limited, to characterize 
different periods of peat swamp development. Taking ash yields into account, a general trend from 
topogenous to ombrogenous mires is recognizable. However, environmental interpretations based on 
ash yields do not correspond with those derived from dispersed miospore associations. In contrast, 
GWI correlates quite well with palynological data. The GWI vs. VI plot indicates a general trend from 
topogenous to ombrogenous conditions.  
 
(3) 
These trends are partly mimicked by S/TOC trends also indicating partly topogenous and partly 
ombrogenous conditions. The relationships also indicate variability in sulphur content of flooding 
water and/or pore water leading to vastly different S/TOC ratios. Sphenophyll influenced flora seems 
to be restricted to low sulphur environments. 
 
(4) 
The new, introduced WCI (Water Cover Index) reflects changes in water level conditions. Using 
quantitative palynological data, the WCI is calculated by the ratio of hydrophilous/hygrophilous vs. 
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mesophilous plants. A decrease of the WCI values from bottom to top of most of the seams reveals a 
decreasing water level and the development of domed mires during the final stage of swamp evolution.  
 
(5) 
Molecular organic geochemical data based on n- and iso-alkanes do not show any correlation with 
maceral composition or palynological parameters. Vitrinite reflectance and Rock-Eval Tmax values 
were correlated with different molecular geochemical data and ratios. Pristane/n-C17, phytane/n-C18 
and pristane/phytane ratios show with a little scatter, a maturity related trend and decrease with 
stratigraphic age. Carbon preference index (CPI) values were calculated for the n-alkane range of n-
C26 to n-C28. These ratios decrease with much scatter with increasing maturity. A more obvious trend 
is given by the n-C17/n-C27-ratio, which increases strongly with maturity and stratigraphic age. 
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CHAPTER 5: 
  
Final discussion 
 
5.1  Maturity of source rocks 
 
Duckmantian sediments of the Ruhr Basin presented in this thesis are characterized by high contents 
of organic matter. Organic matter is stored in coal seams as well as dispersed in clastic rock material. 
Within this interval the total amount of organic matter in the coal seams is about twice as high as that 
stored in the clastic rocks. Both, coal and dispersed organic matter are dominated by vitrinite. 
 
Maturity parameters vitrinite reflectance and Tmax but also geochemical indicators such as CPI values 
or the C17/C27 ratio increase with some scatter with increasing depth and stratigraphic age. Vitrinite 
reflectance values measured on clastic rocks are on average somewhat higher than those measured on 
coals. This may have some impact on reconstructions of temperature histories using numerical 
modelling techniques (Sweeney and Burnham, 1990; Senftle et al., 1993; Barker, 1996).  
 
Measurements on source rock parameters like Hydrogen Index and Oxygen Index show that Hydrogen 
Indices are about twice as high for coals than for dispersed type III kerogen, whereas Oxygen Indices 
are much higher for dispersed type III kerogen than for coal. Influences of minerals, especially pyrite 
and siderite, which were also investigated by using lignite-mineral-mixtures, influenced both indices. 
Calculated PI values of coal are significantly lower than those of clastic sediment samples, especially 
at higher levels of maturity. This indicates that S1-peaks corresponding to the amounts of generated 
bitumen are consistently lower for coals than for clastic rocks, even at an elevated level of maturation 
(about 1.0 %VRr). This observation can be attributed to a strong retention of mainly highly polar 
compounds in coal matrix and/or to a high expulsion efficiency of hydrocarbons from coals (see Littke 
and Leythaeuser, 1993). 
 
5.2  Evolution of peat swamp environments 
 
Investigations on the peat swamp evolution during the Duckmantian of the Ruhr Basin were done 
employing sedimentological, petrographical and most importantly palynological data.  
 
To reconstruct the swamp vegetation history, six plant associations were defined by using miospores 
and their assignment to their parent plants. These plant associations were allocated to six different 
environments: 
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(a) lepidocarpacean association I (flood plains), 
(b) lepidocarpacean association II (topogenous mires), 
(c) lepidocarpacean – sigillarian association (swamp margins and river banks), 
(d) lepidocarpacean – sphenophyll association (ombrogenous mires), 
(e) lepidocarpacean – fern association (transitional mire zones, pioneer flora), 
(f) subarborescent lycopsid association (ombrogenous mires) 
 
Besides the characterization of these six plant associations, palynological data were used to define the 
water cover index WCI. This index was introduced to reflect the ratio of 
hydrophilous/hygrophilous vs. mesophilous plants. Hence, it is possible do demonstrate changes 
in water level during peat swamp evolution. Further coal petrographical indices, calculated by using 
maceral data, like the gelification index GI, the tissue preservation index TPI, the vegetation index VI 
and the groundwater index GWI, reflect also changes in water level conditions. 
 
The general picture of the landscape during the Duckmantian represents a rather uniform vegetation. 
Lepidocarpacean plants like Lepidodendron and Lepidophloios grew in flood plains and peat substrate 
planar mires, which also is reported from several middle Duckmantian coal mires or clastic swamps 
(e.g. DiMichele and Phillips, 1994; Nowak and Górecka-Nowak, 1999; Bek and Oplustil, 2006). 
Sigillarians were colonizing river banks and swamp margins, whereas ferns occurred in transitional 
mire zones or as pioneer floras from time to time. Ombrogenous environments like domed mires, 
which were influenced by scrambling sphenophylls or by subarborescent lycopsids, arose typically at 
the top of coal successions.  
 
The general development of coal building peat swamps show a mineral rich bottom section, followed 
by vitrinite dominated coals with high ash content, which represent the topogenous mires. The top of 
the coal seam is characterized by inertinite/liptinite coals with low ash yields and low mineral content, 
typical for ombrogenous swamps. Some clastic input at the top shows a recurrent rising of the water 
level. 
 
Following the interpretation of palynological and coal petrographical data, a recurring rhythmic 
succession of plant associations, depositional environments and coal peat swamp evolution could be 
searched out. These rhythmic successions were noticed in all six coal seam sequences: A lower flood 
plain is followed by peat substrate topogenous mires, which rise up and build an ombrogenous mire. 
After subsidence and recurrent flooding an upper flood plain re-established. This general cycle is 
temporarily interrupted by other plant associations representing varying local environments. Drier 
sandbanks and swamp margin zones covered with sigillarians regularly occurred, implicating small 
environmental variations and a lateral shift of the swamp habitat. 
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CPI     Carbon Preference Index 
GI     Gelification Index 
GWI     GroundWater Index 
HI  [mg HC/g TOC] Hydrogen Index 
mmf     mineral matter free 
OI  [mg CO2/g TOC] Oxygen Index 
PI     Production Index 
Tmax [°C] maximum reached temperature during cracking of 
hydrocarbons (= top of S2-peak) 
TOC  [wt-% ]  Total Organic Carbon 
TPI     Tissue Preservation Index 
VI     Vegetation Index 
VRr  [%]   random Vitrinite Reflectance 
WCI     Water Cover Index 
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Table C-1a: Seam D sequence: maceral content 
 
sample top  [m] 
bottom 
 [m] 
Vitrinite 
[Vol.-%] 
Inertinite 
[Vol.-%] 
Liptinite 
[Vol.-%] 
mineral matter 
[Vol.-%] 
D_2 300.13 300.18 3.4 0.4 0.6 95.6 
D_6 300.71 300.76 2.8 0.2 0.2 96.8 
D_11 301.29 301.32 1.0 0.4 0.2 98.4 
D_15 301.85 301.87 1.6 0.6 0.4 97.4 
D_18 302.30 302.33 2.2 0.2 0.2 97.4 
D_23 302.83 302.85 1.0 0.0 0.4 98.6 
D_27 303.31 303.34 2.2 0.0 0.6 97.2 
D_32 303.90 303.93 1.4 0.2 0.2 98.2 
D_35 304.44 304.47 1.6 0.2 0.0 98.2 
D_39 304.92 305.01 0.4 0.4 0.0 99.2 
D_41 305.17 305.28 1.0 0.2 0.6 98.2 
D_44 305.47 305.54 1.8 0.2 0.4 97.6 
D_46 305.64 305.75 3.4 0.4 0.6 95.6 
D_49 305.93 305.98 4.6 0.8 0.4 94.2 
D_50 305.98 306.06 73.8 7.2 6.8 12.2 
D_52 306.10 306.15 20.0 45.6 32.6 1.8 
D_53 306.15 306.20 0.0 0.0 0.0 0.0 
D_54 306.20 306.23 21.4 0.0 1.0 77.6 
D_55 306.23 306.26 46.4 2.4 1.0 50.2 
D_56 306.26 306.30 63.0 4.6 4.8 27.6 
D_57 306.30 306.32 46.4 8.4 8.0 37.2 
D_58 306.32 306.34 0.0 0.0 0.0 0.0 
D_59 306.34 306.36 61.8 1.0 1.8 35.4 
D_60 306.36 306.38 77.4 5.2 5.4 12.0 
D_61 306.38 306.46 68.8 23.2 7.8 0.2 
D_62 306.46 306.49 10.2 69.2 20.6 0.0 
D_63 306.49 306.52 45.8 40.2 14.0 0.0 
D_64 306.52 306.55 15.2 64.2 20.6 0.0 
D_65 306.55 306.57 28.0 48.4 23.2 0.4 
D_66 306.57 306.59 25.2 61.0 13.8 0.0 
D_67 306.59 306.61 18.6 60.6 20.8 0.0 
D_68 306.61 306.63 13.2 70.0 16.6 0.2 
D_69 306.63 306.65 41.4 45.0 13.4 0.2 
D_70 306.65 306.67 74.0 12.6 8.2 5.2 
D_71 306.67 306.70 5.8 4.0 2.8 87.4 
D_72 306.70 306.72 19.2 5.6 10.8 64.4 
D_73 306.72 306.74 23.0 9.6 11.0 56.4 
D_74 306.74 306.77 31.2 17.0 11.6 40.2 
D_75 306.77 306.79 9.4 16.0 4.2 70.4 
D_76 306.79 306.80 31.4 6.0 4.6 58.0 
D_77 306.80 306.82 19.6 2.8 2.6 75.0 
D_78 306.82 306.85 14.0 14.6 4.4 67.0 
D_79 306.85 306.90 7.8 7.4 9.2 75.6 
D_80 306.90 306.95 3.2 6.6 7.6 82.6 
D_81 306.95 306.97 13.6 4.6 12.6 69.2 
D_82 306.97 307.00 3.8 16.2 8.0 72.0 
D_84 307.16 307.21 0.4 0.0 0.6 99.0 
D_89a 307.45 307.54 1.6 0.0 0.4 98.0 
D_89b 307.45 307.54 0.2 0.0 0.0 99.8 
D_93a 307.88 307.99 0.4 0.0 0.0 99.6 
D_93b 307.88 307.99 0.8 0.0 0.0 99.2 
D_96b 308.25 308.33 1.2 0.0 0.4 98.4 
D_100 308.79 308.84 1.0 0.4 0.6 98.0 
D_104 309.32 309.38 1.4 0.0 0.0 98.6 
D_108 309.67 309.72 3.0 0.0 0.2 96.8 
D_110 309.78 309.80 6.0 0.2 0.4 93.4 
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sample top  [m] 
bottom 
 [m] 
Vitrinite 
[Vol.-%] 
Inertinite 
[Vol.-%] 
Liptinite 
[Vol.-%] 
mineral matter 
[Vol.-%] 
D_113 310.03 310.06 3.8 0.4 0.2 95.6 
D_115 310.21 310.27 2.4 0.2 0.2 97.2 
D_118 310.66 310.70 2.2 0.0 0.4 97.4 
D_122 311.29 311.33 2.4 0.2 0.0 97.4 
D_127 311.90 311.97 2.0 0.4 0.0 97.6 
D_131 312.46 312.49 1.8 0.8 1.2 96.2 
D_134 312.89 312.92 2.8 0.8 0.4 96.0 
D_137 313.49 313.54 1.8 0.0 0.4 97.8 
D_140 314.15 314.19 3.2 0.0 0.0 96.8 
D_144 314.58 314.71 0.4 0.0 0.0 99.6 
D_146 314.75 314.79 12.2 0.2 0.4 87.2 
 
Appendix C1: Complete data set: general maceral analyses 
 
139 
 
Table C-1b: Seam H sequence: maceral content 
 
sample top  [m] 
bottom 
 [m] 
Vitrinite 
[Vol.-%] 
Inertinite 
[Vol.-%] 
Liptinite 
[Vol.-%] 
mineral matter 
[Vol.-%] 
H_1 252.00 252.02 0.8 0.4 0.0 98.8 
H_8 253.82 253.90 1.0 0.0 0.0 99.0 
H_9 253.90 253.97 3.0 1.0 0.4 95.6 
H_11 254.58 254.62 2.2 0.4 0.4 97.0 
H_14 255.52 255.57 3.2 1.2 0.0 95.6 
H_19 256.66 256.70 2.2 1.6 0.2 96.0 
H_25 257.15 257.20 0.2 0.6 0.2 99.0 
H_28a 257.32 257.41 1.8 0.2 0.2 97.8 
H_28b 257.32 257.41 1.2 0.0 0.0 98.8 
H_29 257.50 257.53 3.2 0.0 0.0 96.8 
H_30 257.57 257.61 1.8 0.0 0.2 98.0 
H_33 257.76 257.78 25.6 0.8 1.2 72.4 
H_36 257.83 257.87 36.6 0.0 1.2 62.2 
H_39 257.92 257.99 34.4 58.0 5.8 1.8 
H_41 257.99 258.02 87.6 6.0 5.6 0.8 
H_44 258.09 258.12 86.6 1.8 6.2 5.4 
H_47 258.22 258.25 79.2 10.4 9.4 1.0 
H_49 258.29 258.32 79.0 9.4 11.6 0.0 
H_52 258.41 258.44 42.0 40.4 14.4 3.2 
H_55 258.51 258.56 68.2 23.6 8.2 0.0 
H_58 258.63 258.67 47.0 38.6 10.0 4.4 
H_61 258.75 258.80 44.6 47.4 6.4 1.6 
H_64 258.85 258.88 40.8 48.0 11.0 0.2 
H_67 258.95 258.99 77.0 13.4 9.4 0.2 
H_70 259.08 259.11 64.8 25.0 10.0 0.2 
H_72 259.16 259.22 65.2 25.4 8.6 0.8 
H_74 259.26 259.32 60.6 21.0 7.8 10.6 
H_75 259.32 259.33 35.4 18.2 7.0 39.4 
H_76 259.33 259.36 54.8 11.0 2.2 32.0 
H_77 259.36 259.38 7.2 2.4 5.6 84.8 
H_79 259.46 259.49 1.6 1.0 2.6 94.8 
H_81 259.68 259.78 2.0 0.4 0.2 97.4 
H_84 260.02 260.05 3.6 0.0 0.4 96.0 
H_86 260.43 260.47 0.8 0.2 0.2 98.8 
H_87 260.77 260.80 2.4 0.8 0.2 96.6 
H_90 261.24 261.28 1.4 0.8 0.0 97.8 
H_93 261.66 261.68 0.6 0.2 0.2 99.0 
H_96 262.19 262.23 3.2 1.0 0.4 95.4 
H_103 263.76 263.78 0.8 0.0 0.0 99.2 
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Table C-1c: Seam K sequence: maceral content 
 
sample top  [m] 
bottom 
 [m] 
Vitrinite 
[Vol.-%] 
Inertinite 
[Vol.-%] 
Liptinite 
[Vol.-%] 
mineral matter 
[Vol.-%] 
K_1 189.19 189.21 4.0 0.8 2.2 93.0 
K_2 189.66 189.68 4.2 0.2 2.2 93.4 
K_3 190.03 190.05 2.4 0.0 0.6 97.0 
K_4 190.50 190.52 2.8 0.0 1.6 95.6 
K_5 190.97 190.99 2.2 0.0 2.2 95.6 
K_6 191.24 191.27 3.0 0.0 0.8 96.2 
K_7 191.52 191.54 3.0 0.0 1.4 95.6 
K_8 191.79 191.81 4.2 0.0 1.8 94.0 
K_9 192.06 192.08 5.6 0.0 0.2 94.2 
K_10 192.48 192.50 3.8 0.0 1.2 95.0 
K_11 192.90 192.92 3.6 0.0 0.6 95.8 
K_12 193.17 193.19 6.2 0.0 1.4 92.4 
K_13 193.44 193.45 3.2 0.0 2.0 94.8 
K_14 193.60 193.62 3.4 0.2 2.2 94.2 
K_15 193.82 193.84 4.6 0.0 1.6 93.8 
K_16 194.04 194.07 4.2 0.0 1.8 94.0 
K_17 194.27 194.29 3.0 0.0 2.0 95.0 
K_18 194.49 194.52 6.6 0.0 4.0 89.4 
K_19 194.62 194.63 5.0 0.0 1.8 93.2 
K_20 194.73 194.75 4.6 0.0 1.4 94.0 
K_21 194.85 194.87 3.8 0.0 3.6 92.6 
K_22 195.07 195.08 3.6 0.0 1.8 94.6 
K_23 195.33 195.35 4.6 0.2 1.2 94.0 
K_24 195.45 195.47 1.6 0.0 1.6 96.8 
K_25 195.47 195.51 3.2 0.0 1.2 95.6 
K_27 195.60 195.63 2.6 0.0 2.2 95.2 
K_28 195.73 195.76 3.4 0.0 1.4 95.2 
K_30 195.86 195.89 9.4 0.0 2.2 88.4 
K_31 195.89 195.92 15.0 0.2 3.4 81.4 
K_32 195.92 196.00 5.8 0.0 2.8 91.4 
K_33 196.00 196.05 3.4 0.0 3.0 93.6 
K_34 196.05 196.08 6.0 0.0 3.0 91.0 
K_38 196.20 196.25 9.6 0.0 4.4 86.0 
K_39 196.35 196.37 5.6 0.0 4.2 90.2 
K_40 196.47 196.51 16.4 0.4 3.8 79.4 
K_41a 196.51 196.52 13.0 0.0 4.2 82.8 
K_41b 196.52 196.54 14.6 0.4 7.2 77.8 
K_41c 196.54 196.56 35.2 0.6 10.4 53.8 
K_42 196.56 196.58 46.4 0.0 5.4 48.2 
K_43 196.58 196.62 78.0 0.2 5.6 16.2 
K_44 196.62 196.65 83.0 1.0 13.4 2.6 
K_45a 196.65 196.67 79.0 8.2 12.4 0.4 
K_45b 196.67 196.69 16.4 73.0 4.8 5.8 
K_46 196.69 196.73 4.8 79.8 13.6 1.8 
K_47 196.73 196.75 67.0 24.4 8.6 0.0 
K_48 196.75 196.77 86.2 5.6 8.0 0.2 
K_49 196.77 196.79 86.4 7.0 6.6 0.0 
K_50 196.79 196.81 82.0 5.4 11.6 1.0 
K_51 196.81 196.83 67.4 23.4 8.6 0.6 
K_52 196.83 197.00 7.0 65.4 25.0 2.6 
K_53 197.00 197.02 57.0 31.6 8.6 2.8 
K_54 197.02 197.04 63.6 26.4 6.0 4.0 
K_55 197.04 197.06 23.4 61.2 15.2 0.2 
K_56 197.06 197.08 27.6 57.2 14.0 1.2 
K_57 197.08 197.10 42.2 45.8 11.2 0.8 
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sample top  [m] 
bottom 
 [m] 
Vitrinite 
[Vol.-%] 
Inertinite 
[Vol.-%] 
Liptinite 
[Vol.-%] 
mineral matter 
[Vol.-%] 
K_58 197.10 197.11 22.4 58.8 18.4 0.4 
K_59 197.11 197.13 31.4 44.4 24.2 0.0 
K_60 197.13 197.14 33.2 52.8 13.0 1.0 
K_61 197.14 197.16 19.8 69.6 9.4 1.2 
K_62 197.16 197.18 81.0 14.6 3.2 1.2 
K_63 197.18 197.20 31.0 56.2 9.8 3.0 
K_64 197.20 197.21 45.6 37.0 15.2 2.2 
K_65 197.21 197.32 28.4 46.8 22.6 2.2 
K_66 197.32 197.34 65.0 0.6 3.0 31.4 
K_67 197.34 197.36 30.2 2.6 1.0 66.2 
K_68 197.36 197.37 52.2 0.8 2.0 45.0 
K_69 197.37 197.39 51.2 1.6 3.2 44.0 
K_71 197.40 197.42 8.8 1.0 5.2 85.0 
K_72 197.42 197.46 56.0 0.6 6.8 36.6 
K_73 197.46 197.49 66.4 1.2 4.8 27.6 
K_74 197.49 197.51 65.8 2.8 2.4 29.0 
K_75 197.51 197.53 5.4 23.2 7.8 63.6 
K_76 197.53 197.55 15.0 9.6 12.6 62.8 
K_77 197.55 197.58 32.2 12.0 15.0 40.8 
K_78 197.58 197.62 13.2 29.2 11.4 46.2 
K_79 197.62 197.64 22.0 33.2 30.8 14.0 
K_80 197.64 197.66 62.4 21.0 6.4 10.2 
K_81 197.66 197.68 61.4 16.0 12.4 10.2 
K_82 197.68 197.71 30.8 39.6 17.8 11.8 
K_83 197.71 197.79 51.6 16.8 14.0 17.6 
K_84 197.79 197.81 54.8 17.4 10.8 17.0 
K_85 197.81 197.83 6.8 39.6 12.4 41.2 
K_86 197.83 197.85 4.0 23.0 5.4 67.6 
K_87 197.85 197.88 15.6 8.2 8.4 67.8 
K_88 197.88 197.91 20.8 1.8 3.0 74.4 
K_89 197.91 197.95 41.4 0.4 1.0 57.2 
K_90 197.95 197.96 42.4 0.6 1.2 55.8 
K_91 197.96 198.01 7.6 1.0 1.0 90.4 
K_92 198.11 198.14 2.8 0.4 3.4 93.4 
K_93 198.24 198.26 2.4 0.2 2.8 94.6 
K_94 198.36 198.38 3.0 0.0 2.4 94.6 
K_95a 198.47 198.50 4.2 0.0 1.6 94.2 
K_95b 198.50 198.53 3.4 0.4 0.8 95.4 
K_95c 198.53 198.56 4.2 0.0 0.4 95.4 
K_96 198.91 198.93 2.6 0.2 0.4 96.8 
K_97 199.28 199.30 2.6 0.0 0.4 97.0 
K_98 199.41 199.43 1.6 0.0 0.6 97.8 
K_99 199.78 199.80 4.2 0.0 0.6 95.2 
K_100 200.40 200.41 4.2 0.0 1.0 94.8 
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Table C-1d: Seam M sequence: maceral content 
 
sample top  [m] 
bottom 
 [m] 
Vitrinite 
[Vol.-%] 
Inertinite 
[Vol.-%] 
Liptinite 
[Vol.-%] 
mineral matter 
[Vol.-%] 
M_1 201.00 201.03 4.2 1.4 0.8 93.6 
M_2 201.32 201.34 3.2 0.0 0.8 96.0 
M_3 201.64 201.67 2.8 0.8 0.4 96.0 
M_4 201.98 202.01 3.8 0.4 0.6 95.2 
M_6 202.43 202.46 3.8 0.2 0.0 96.0 
M_7 202.46 202.49 7.8 0.2 0.2 91.8 
M_8 202.49 202.52 5.8 0.0 0.0 94.2 
M_9 202.52 202.54 0.0 0.0 0.0 0.0 
M_10 202.54 202.56 16.0 0.2 0.2 83.6 
M_11 202.56 202.60 34.2 0.2 2.2 63.4 
M_12 202.60 202.65 69.4 16.8 13.8 0.0 
M_13 202.65 202.70 65.6 19.4 15.0 0.0 
M_14 202.70 202.73 65.2 22.6 10.0 2.2 
M_15 202.73 202.76 80.6 6.6 12.8 0.0 
M_16 202.76 202.79 88.0 4.8 7.2 0.0 
M_17 202.79 202.84 82.2 9.2 8.4 0.2 
M_18 202.84 202.87 59.8 22.8 17.4 0.0 
M_19 202.87 202.89 82.8 2.6 8.4 6.2 
M_20 202.89 202.91 0.0 0.0 0.0 0.0 
M_21 202.91 202.94 1.6 15.8 0.6 82.0 
M_22 202.94 202.98 1.0 18.4 1.0 79.6 
M_23 202.98 203.02 3.0 0.0 0.2 96.8 
M_24 203.02 203.06 4.8 0.2 0.4 94.6 
M_25 203.44 203.46 2.0 0.8 0.0 97.2 
M_26 203.56 203.60 12.0 1.2 0.6 86.2 
M_27 203.98 204.02 3.2 0.4 0.6 95.8 
M_28 204.41 204.46 0.8 0.2 0.0 99.0 
M_29 204.57 204.59 11.8 1.6 1.4 85.2 
M_30 204.59 204.61 21.2 4.0 1.4 73.4 
M_31 204.61 204.65 27.0 2.2 0.8 70.0 
M_32 204.76 204.80 14.4 1.4 0.4 83.8 
M_33 205.14 205.15 3.0 0.2 0.6 96.2 
M_34 205.38 205.41 5.2 0.2 1.2 93.4 
M_35 205.69 205.71 4.4 2.0 0.0 93.6 
M_36 206.17 206.21 1.6 0.6 0.8 97.0 
M_37 206.94 206.96 1.2 0.2 0.4 98.2 
M_38 207.91 207.95 5.6 1.4 0.6 92.4 
M_39 208.74 208.76 2.8 0.2 0.2 96.8 
M_40 209.56 209.59 2.0 0.4 0.4 97.2 
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Table C-1e: Seam P sequence: maceral content 
 
sample top  [m] 
bottom 
 [m] 
Vitrinite 
[Vol.-%] 
Inertinite 
[Vol.-%] 
Liptinite 
[Vol.-%] 
mineral matter 
[Vol.-%] 
P_1 15.20 15.23 0.0 0.0 0.2 99.8 
P_2 15.43 15.49 4.4 0.2 0.2 95.2 
P_4 15.90 15.97 5.0 0.6 0.8 93.6 
P_6 16.43 16.50 4.4 0.8 0.2 94.6 
P_8 16.94 16.97 5.0 1.0 0.0 94.0 
P_10 17.41 17.46 3.4 0.8 0.2 95.6 
P_13 17.56 17.59 2.2 0.2 0.0 97.6 
P_14 17.59 17.66 3.2 0.8 0.2 95.8 
P_15 17.66 17.72 40.8 47.2 11.2 0.8 
P_17 17.76 17.80 0.0 0.0 0.0 0.0 
P_18 17.80 17.84 17.2 44.0 26.8 12.0 
P_20 17.91 18.00 61.0 29.0 9.6 0.4 
P_22 18.05 18.08 54.0 29.0 15.2 1.8 
P_24 18.13 18.18 40.8 19.4 15.0 24.8 
P_25 18.18 18.22 62.6 11.4 11.6 14.4 
P_27 18.30 18.37 23.0 18.6 10.0 48.4 
P_29 18.41 18.47 37.8 40.0 20.6 1.6 
P_32 18.58 18.62 83.4 7.6 9.0 0.0 
P_35 18.70 18.76 88.8 7.8 3.4 0.0 
P_38 18.85 18.91 62.6 26.2 8.8 2.4 
P_39 18.91 18.94 43.8 0.2 3.6 52.4 
P_41 18.98 19.01 1.8 0.0 0.0 98.2 
P_43 19.15 19.18 4.4 0.2 0.2 95.2 
P_45 19.55 19.59 12.6 0.6 1.6 85.2 
P_48 20.41 20.44 2.8 0.4 0.4 96.4 
P_50 21.18 21.24 3.2 0.8 0.4 95.6 
P_52 21.96 21.99 2.4 1.0 0.4 96.2 
P_54 22.70 22.77 0.8 0.4 0.4 98.4 
P_57 23.57 23.60 5.0 1.0 0.2 93.8 
P_59 24.23 24.25 5.0 1.8 0.2 93.0 
P_61 25.32 25.39 2.4 0.0 0.6 97.0 
P_63 26.35 26.41 3.4 0.2 0.2 96.2 
P_65 27.20 27.25 2.6 0.0 0.2 97.2 
P_67 28.14 28.17 4.2 0.6 0.4 94.8 
P_70 29.24 29.26 2.2 0.8 0.0 97.0 
P_71 29.56 29.60 1.4 1.6 0.4 96.6 
P_72 29.80 29.83 3.0 0.6 0.2 96.2 
P_74 29.86 29.88 2.2 1.0 1.8 95.0 
P_75 29.88 29.90 13.0 11.8 9.0 66.2 
P_76 29.90 29.94 64.0 20.6 15.4 0.0 
P_78 30.00 30.06 83.0 11.4 5.6 0.0 
P_81 30.15 30.19 40.4 39.0 20.0 0.6 
P_85 30.29 30.34 88.4 5.2 5.8 0.6 
P_88 30.48 30.53 65.4 17.6 13.6 3.4 
P_89 30.53 30.58 54.4 24.6 7.6 13.4 
P_90 30.58 30.62 91.8 3.0 5.2 0.0 
P_92 30.70 30.77 83.2 8.6 8.0 0.2 
P_94 30.82 30.87 68.4 7.4 4.2 20.0 
P_95 30.87 30.90 20.0 2.8 4.2 73.0 
P_96 30.90 30.95 77.6 3.0 8.4 11.0 
P_97 30.95 30.97 3.6 1.2 6.2 89.0 
P_98 30.97 31.03 0.2 0.2 0.2 99.4 
P_99 31.25 31.29 0.2 0.0 0.2 99.6 
P_101 31.79 31.86 3.8 0.6 0.2 95.4 
P_104 32.66 32.69 2.0 0.8 0.6 96.6 
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sample top  [m] 
bottom 
 [m] 
Vitrinite 
[Vol.-%] 
Inertinite 
[Vol.-%] 
Liptinite 
[Vol.-%] 
mineral matter 
[Vol.-%] 
P_106 33.20 33.25 1.2 0.2 0.4 98.2 
P_109 33.56 33.59 2.0 0.2 0.0 97.8 
P_111 33.95 33.99 6.2 0.4 1.0 92.4 
P_112 34.16 34.20 25.4 5.6 5.6 63.4 
P_113 34.20 34.23 30.4 3.2 5.0 61.4 
P_114 34.23 34.25 33.8 12.0 12.0 42.2 
P_115 34.25 34.29 76.2 6.8 5.0 12.0 
P_116 34.29 34.33 75.2 2.4 5.2 17.2 
P_117 34.33 34.39 32.2 0.4 5.4 61.8 
P_118 34.53 34.55 1.8 0.2 0.2 97.8 
P_120 34.78 34.81 4.6 0.2 0.2 95.0 
P_122 35.34 35.40 3.0 0.8 0.2 96.0 
P_124 35.94 35.99 1.6 0.4 0.4 97.6 
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Table C-1f: Seam V sequence: maceral content 
 
sample top  [m] 
bottom 
 [m] 
Vitrinite 
[Vol.-%] 
Inertinite 
[Vol.-%] 
Liptinite 
[Vol.-%] 
mineral matter 
[Vol.-%] 
V_1 20.70 20.73 0.0 0.2 0.0 99.8 
V_5 21.61 21.65 0.2 0.0 0.0 99.8 
V_10 22.74 22.76 8.4 0.0 0.6 91.0 
V_12 23.03 23.09 13.4 0.0 0.0 86.6 
V_13 23.29 23.31 0.0 0.0 0.0 100.0 
V_17 23.88 23.91 2.0 0.0 0.2 97.8 
V_21 24.81 24.84 0.0 0.2 0.0 99.8 
V_25 25.83 25.86 0.2 0.0 0.0 99.8 
V_29 26.73 26.75 0.6 0.0 0.2 99.2 
V_30 26.91 26.94 3.2 0.0 0.0 96.8 
V_31 26.99 27.01 0.0 0.0 0.0 100.0 
V_32 27.07 27.13 8.0 0.2 0.8 91.0 
V_33 27.35 27.37 0.0 0.0 0.0 100.0 
V_38 28.55 28.58 1.4 0.0 0.4 98.2 
V_39 28.76 28.79 0.0 0.0 0.0 100.0 
V_42 29.59 29.62 0.0 0.0 0.0 100.0 
V_45 30.38 30.41 0.2 0.0 0.0 99.8 
V_49 31.57 31.63 3.0 0.4 0.6 96.0 
V_53 32.59 32.68 0.0 0.0 0.0 100.0 
V_54 32.89 32.92 13.6 2.0 2.0 82.4 
V_55 32.92 32.96 63.6 18.0 17.8 0.6 
V_56 32.96 33.00 9.4 5.0 0.2 85.4 
V_57 33.15 33.25 0.0 0.0 0.0 100.0 
V_58 33.25 33.35 2.0 0.4 5.0 92.6 
V_59 33.35 33.43 67.4 12.4 19.2 1.0 
V_60 33.43 33.46 51.4 25.8 22.8 0.0 
V_61 33.46 33.48 63.0 18.8 18.2 0.0 
V_62 33.48 33.51 76.6 13.6 8.8 1.0 
V_63 33.51 33.55 81.0 3.2 14.8 1.0 
V_64 33.55 33.67 82.6 1.2 9.0 7.2 
V_65 33.67 33.68 42.0 12.8 17.8 27.4 
V_66 33.68 33.71 87.2 4.2 8.0 0.6 
V_67 33.71 33.76 73.2 15.4 4.0 7.4 
V_68 33.76 33.78 52.8 16.8 6.0 24.4 
V_69 33.78 33.88 72.2 10.6 16.2 1.0 
V_70 33.88 33.98 65.6 14.6 19.4 0.4 
V_71 33.98 34.08 39.2 34.6 26.0 0.2 
V_72 34.08 34.15 19.2 38.4 42.0 0.4 
V_76 34.30 34.35 0.8 7.6 15.6 76.0 
V_77 34.35 34.38 12.6 11.8 7.0 68.6 
V_78 34.38 34.40 58.4 7.6 11.4 22.6 
V_79 34.40 34.44 70.4 4.6 5.6 19.4 
V_80 34.44 34.54 63.8 10.0 10.0 16.2 
V_81 34.54 34.56 56.4 0.0 0.8 42.8 
V_82 34.56 34.57 22.2 0.0 0.8 77.0 
V_83 34.57 34.59 6.2 0.0 1.0 92.8 
V_84 34.59 34.60 8.4 0.4 0.4 90.8 
V_85 34.60 34.65 3.0 0.2 0.6 96.2 
V_87 34.79 34.81 3.4 0.2 0.4 96.0 
V_88 34.81 34.85 2.4 0.0 0.6 97.0 
V_89 34.85 34.88 5.8 0.0 1.6 92.6 
V_90 34.88 34.92 5.4 0.0 2.6 92.0 
V_91 34.92 34.96 6.8 0.4 2.4 90.4 
V_92 34.96 35.03 85.8 7.8 6.2 0.2 
V_94 35.07 35.10 38.4 1.6 4.0 56.0 
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sample top  [m] 
bottom 
 [m] 
Vitrinite 
[Vol.-%] 
Inertinite 
[Vol.-%] 
Liptinite 
[Vol.-%] 
mineral matter 
[Vol.-%] 
V_99 35.27 35.32 2.4 0.0 1.0 96.6 
V_100 35.32 35.34 1.4 0.2 1.0 97.4 
V_101 35.34 35.37 30.0 0.6 3.6 65.8 
V_102 35.37 35.45 1.0 0.2 1.2 97.6 
V_103 35.45 35.57 2.6 0.0 0.8 96.6 
V_104 35.65 35.67 2.4 0.8 0.6 96.2 
V_107 35.94 35.97 3.8 0.4 0.2 95.6 
V_108 35.97 36.00 3.4 0.2 0.4 96.0 
V_110 36.21 36.30 2.0 0.6 0.0 97.4 
V_115 36.70 36.74 2.2 0.2 0.0 97.6 
V_118 37.05 37.11 4.4 1.8 0.2 93.6 
V_119 37.17 37.19 19.4 7.4 2.6 70.6 
V_120 37.19 37.25 28.0 30.6 30.2 11.2 
V_121 37.25 37.34 69.2 11.6 19.0 0.2 
V_122 37.34 37.43 23.4 0.2 1.2 75.2 
V_123 37.43 37.47 84.8 3.8 4.8 6.6 
V_126 37.58 37.61 56.8 3.0 2.8 37.4 
V_127 37.61 37.65 13.6 6.6 2.6 77.2 
V_128 37.65 37.68 7.4 8.0 1.4 83.2 
V_129 37.68 37.74 7.8 0.2 0.8 91.2 
V_131 37.81 37.90 1.0 0.0 3.2 95.8 
V_133 37.95 38.00 8.2 2.8 2.0 87.0 
V_135 38.05 38.12 11.2 0.4 0.2 88.2 
V_136 38.12 38.13 11.4 0.0 1.0 87.6 
V_137 38.13 38.21 6.0 0.2 0.8 93.0 
V_138 38.21 38.26 1.8 0.0 0.2 98.0 
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Table C-2a: Seam D sequence: vitrinite and inertinite content 
 
Sample top [m] 
bottom 
[m] 
Telovitrinite 
[Vol.-%] 
Detrovitrinite
[Vol.-%] 
Gelovitrinite
[Vol.-%] 
Semifusinite 
/Fusinite 
 [Vol.-%] 
Makrinite 
[Vol.-%] 
Inertodetrinite 
[Vol.-%] 
Mikrinite 
[Vol.-%] 
D_50 305.98 306.06 33.4 55.2 0.2 6.8 0.6 1.8 2.0
D_52 306.10 306.15 2.2 14.0 1.2 67.4 0.6 11.8 2.8
D_54 306.20 306.23 3.2 84.0 8.8 2.0 0.0 1.2 0.84
D_55 306.23 306.26 11.2 85.2 0.8 1.6 0.2 0.8 0.2
D_56 306.26 306.30 19.0 69.0 2.8 5.2 0.0 2.6 1.4
D_57 306.30 306.32 11.4 70.8 4.0 9.6 0.6 2.0 1.6
D_59 306.34 306.36 7.8 88.8 2.8 0.2 0.0 0.2 0.2
D_60 306.36 306.38 35.0 56.6 1.6 1.4 0.0 0.6 4.8
D_61 306.38 306.46 33.8 32.8 0.8 22.8 0.2 3.8 5.8
D_62 306.46 306.49 2.2 12.2 1.4 74.0 0.2 8.4 1.6
D_63 306.49 306.52 19.6 31.4 0.0 34.6 0.4 7.0 7.0
D_64 306.52 306.55 6.8 9.6 0.6 75.6 0.2 6.4 0.8
D_65 306.55 306.57 6.2 21.2 0.8 47.4 0.8 13.6 10.0
D_66 306.57 306.59 5.8 15.4 0.4 63.0 0.6 11.4 3.4
D_67 306.59 306.61 11.0 5.0 0.4 68.6 0.2 11.0 3.8
D_68 306.61 306.63 4.2 6.2 0.6 75.6 0.0 9.8 3.6
D_69 306.63 306.65 18.6 31.2 0.6 38.2 1.2 5.6 4.6
D_70 306.65 306.67 35.6 43.0 1.0 15.4 0.4 1.4 3.2
D_72 306.70 306.72 4.4 70.8 0.0 9.6 0.4 12.0 2.8
D_73 306.72 306.74 9.0 66.0 0.6 11.6 0.2 10.0 2.6
D_74 306.74 306.77 7.6 50.6 0.0 29.0 0.6 10.6 1.6
D_75 306.77 306.79 4.4 49.6 3.2 32.0 0.0 9.6 1.2
D_76 306.79 306.80 7.6 75.4 3.0 6.6 0.4 5.8 1.2
D_77 306.80 306.82 1.2 90.8 0.8 4.0 0.0 3.2 0.0
D_78 306.82 306.85 0.6 56.8 0.4 29.0 0.0 12.0 1.2
D_79 306.85 306.90 0.8 49.2 0.0 20.8 1.2 27.6 0.4
D_81 306.95 306.97 17.2 45.2 0.0 28.4 0.0 8.4 0.8
D_82 306.97 307.00 0.0 24.8 0.4 57.6 0.4 16.6 0.2
D_146 314.75 314.79 0.0 98.6 0.0 0.2 0.0 1.2 0.0
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Table C-2b: Seam H sequence: vitrinite and inertinite content 
 
Sample top [m] 
bottom 
[m] 
Telovitrinite 
[Vol.-%] 
Detrovitrinite
[Vol.-%] 
Gelovitrinite
[Vol.-%] 
Semifusinite 
/Fusinite 
 [Vol.-%] 
Makrinite 
[Vol.-%] 
Inertodetrinite 
[Vol.-%] 
Mikrinite 
[Vol.-%] 
H_33 257.76 257.78 16.0 81.2 0.0 0.4 0.2 0.8 1.4
H_36 257.83 257.87 61.4 37.8 0.2 0.0 0.0 0.4 0.2
H_39 257.92 257.99 6.0 31.2 0.0 57.4 0.2 1.4 3.8
H_41 257.99 258.02 40.6 49.2 1.4 6.0 0.0 0.2 2.6
H_44 258.09 258.12 23.8 71.4 1.6 2.0 0.2 0.2 0.8
H_47 258.22 258.25 38.6 46.4 1.8 11.4 0.0 1.0 0.8
H_49 258.29 258.32 27.6 62.2 1.6 5.8 0.4 1.0 1.4
H_52 258.41 258.44 24.8 22.0 3.0 32.6 0.8 13.6 3.2
H_55 258.51 258.56 50.6 21.8 1.2 21.0 0.2 2.8 2.4
H_58 258.63 258.67 9.4 45.4 0.4 35.8 0.0 5.4 3.6
H_61 258.75 258.80 21.0 23.4 0.2 49.8 0.4 4.2 1.0
H_64 258.85 258.88 16.6 28.0 0.4 47.4 0.2 5.4 2.0
H_67 258.95 258.99 45.8 36.6 0.6 12.2 0.2 3.0 1.6
H_70 259.08 259.11 48.2 29.4 0.4 17.0 0.0 3.2 1.8
H_72 259.16 259.22 34.8 39.2 0.2 20.2 0.6 4.2 0.8
H_74 259.26 259.32 23.2 51.2 1.8 21.8 0.6 0.2 1.2
H_75 259.32 259.33 15.0 50.6 1.2 29.6 0.0 2.6 1.0
H_76 259.33 259.36 53.6 30.0 0.2 14.6 0.2 1.2 0.2
 
 
 
Table C-2c: Seam K sequence: vitrinite and inertinite content 
 
Sample top [m] 
bottom 
[m] 
Telovitrinite 
[Vol.-%] 
Detrovitrinite
[Vol.-%] 
Gelovitrinite 
[Vol.-%] 
Semifusinite 
/Fusinite 
 [Vol.-%] 
Makrinite 
[Vol.-%] 
Inertodetrinite 
[Vol.-%] 
Mikrinite 
[Vol.-%] 
K_31 195.9 195.9 0.0 99.0 0.6 0.4 0.0 0.0 0.0
K_40 196.5 196.5 1.8 97.8 0.2 0.0 0.0 0.2 0.0
K_41a 196.5 196.5 0.0 99.4 0.4 0.0 0.0 0.2 0.0
K_41b 196.5 196.5 0.2 99.0 0.8 0.0 0.0 0.0 0.0
K_41c 196.5 196.6 1.6 95.4 2.8 0.0 0.0 0.2 0.0
K_42 196.6 196.6 14.8 85.2 0.0 0.0 0.0 0.0 0.0
K_43 196.6 196.6 70.4 29.6 0.0 0.0 0.0 0.0 0.0
K_44 196.6 196.6 47.6 49.6 1.2 0.0 0.0 0.2 1.4
K_45a 196.6 196.7 28.6 61.8 1.0 3.2 0.0 0.6 4.8
K_45b 196.7 196.7 0.2 17.8 0.0 81.4 0.0 0.2 0.4
K_46 196.7 196.7 1.0 33.0 3.2 55.4 0.0 6.2 1.2
K_47 196.7 196.7 42.8 32.2 1.0 18.2 0.0 3.6 2.2
K_48 196.7 196.8 46.2 46.2 0.0 2.6 0.0 1.8 3.2
K_51 196.8 196.8 29.8 45.2 0.0 20.8 0.2 2.0 2.0
K_52 196.8 197.0 2.4 12.4 1.0 67.6 0.0 9.4 7.2
K_53 197.0 197.0 30.8 35.2 1.4 27.0 0.2 1.4 4.0
K_54 197.0 197.0 23.2 41.6 1.4 28.0 0.0 1.4 4.4
K_55 197.0 197.1 9.6 22.0 0.6 55.8 0.0 4.6 7.4
K_56 197.1 197.1 16.6 18.6 0.6 52.8 0.6 6.2 4.6
K_57 197.1 197.1 20.2 20.8 0.2 52.6 0.0 3.2 3.0
K_58 197.1 197.1 12.4 20.8 0.4 54.8 0.2 6.6 4.8
K_59 197.1 197.1 5.6 28.2 0.2 47.0 0.8 8.2 10.0
K_60 197.1 197.1 14.0 19.8 0.0 57.2 0.2 5.6 3.2
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Table C-2c: Seam K sequence: vitrinite and inertinite content (continued) 
 
Sample top [m] 
bottom 
[m] 
Telovitrinite 
[Vol.-%] 
Detrovitrinite
[Vol.-%] 
Gelovitrinite 
[Vol.-%] 
Semifusinite 
/Fusinite 
 [Vol.-%] 
Makrinite 
[Vol.-%] 
Inertodetrinite 
[Vol.-%] 
Mikrinite 
[Vol.-%] 
K_61 197.1 197.2 9.4 12.2 0.0 73.0 0.0 3.0 2.4
K_62 197.2 197.2 53.6 18.6 0.6 24.0 0.4 1.4 1.4
K_63 197.2 197.2 6.4 17.2 0.0 67.6 0.2 6.2 2.4
K_64 197.2 197.2 26.6 25.0 0.0 34.0 0.4 8.0 6.0
K_66 197.3 197.3 10.2 85.6 2.0 1.2 0.0 0.4 0.6
K_67 197.3 197.4 2.8 89.2 1.6 2.6 0.2 3.4 0.2
K_68 197.4 197.4 13.2 79.6 1.6 2.4 0.2 2.6 0.4
K_69 197.4 197.4 2.6 92.0 1.6 1.8 0.0 0.8 1.2
K_72 197.4 197.5 8.4 86.6 3.2 0.6 0.0 0.6 0.6
K_73 197.5 197.5 27.8 68.0 1.4 0.2 0.0 2.2 0.4
K_74 197.5 197.5 64.8 31.2 0.0 3.4 0.0 0.4 0.2
K_75 197.5 197.5 5.6 14.6 0.2 60.4 0.0 18.8 0.4
K_76 197.5 197.6 5.2 57.6 1.2 21.6 0.4 13.2 0.8
K_77 197.6 197.6 27.8 44.6 0.4 20.8 0.0 6.2 0.2
K_78 197.6 197.6 7.0 23.4 0.2 57.4 0.0 11.0 1.0
K_79 197.6 197.6 15.0 15.8 0.0 53.2 0.2 12.0 3.8
K_80 197.6 197.7 39.2 38.2 0.0 19.0 0.0 2.6 1.0
K_81 197.7 197.7 36.4 35.8 0.8 19.8 0.0 4.0 3.2
K_82 197.7 197.7 20.0 17.8 0.0 57.0 0.0 4.2 1.0
K_83 197.7 197.8 34.2 39.2 0.8 17.0 0.0 5.8 3.0
K_84 197.8 197.8 31.4 46.4 0.2 17.2 0.0 3.8 1.0
K_85 197.8 197.8 0.0 10.6 0.0 68.0 0.0 21.4 0.0
K_86 197.8 197.8 0.0 11.2 0.0 61.2 0.0 27.6 0.0
K_87 197.8 197.9 0.4 57.2 0.4 21.6 0.0 18.0 2.4
K_88 197.9 197.9 4.2 88.8 0.4 3.2 0.2 3.2 0.0
K_89 197.9 197.9 43.0 53.0 1.2 0.6 0.0 2.2 0.0
K_90 197.9 198.0 60.8 35.2 0.4 0.0 0.0 3.6 0.0
 
Table C-2d: Seam M sequence: vitrinite and inertinite content 
 
Sample top [m] 
bottom 
[m] 
Telovitrinite 
[Vol.-%] 
Detrovitrinite
[Vol.-%] 
Gelovitrinite 
[Vol.-%] 
Semifusinite 
/Fusinite 
 [Vol.-%] 
Makrinite 
[Vol.-%] 
Inertodetrinite 
[Vol.-%] 
Mikrinite 
[Vol.-%] 
M_10 202.54 202.56 30.4 68.4 0.2 0.8 0.0 0.2 0.0
M_11 202.56 202.60 1.8 97.0 0.4 0.2 0.0 0.6 0.0
M_12 202.60 202.65 23.8 49.4 1.8 16.8 0.4 1.6 6.2
M_13 202.65 202.70 25.2 46.4 1.8 15.6 1.2 4.6 5.2
M_14 202.70 202.73 43.2 32.6 0.2 19.4 0.0 1.2 3.4
M_15 202.73 202.76 31.6 50.6 4.0 5.6 0.0 1.0 7.2
M_16 202.76 202.79 32.2 53.8 4.6 3.8 0.2 0.8 4.6
M_17 202.79 202.84 55.8 27.6 2.2 8.2 0.0 1.8 4.4
M_18 202.84 202.87 26.0 40.8 2.0 19.4 1.0 5.2 5.6
M_19 202.87 202.89 28.0 66.4 2.8 1.0 0.4 0.6 0.8
M_21 202.91 202.94 0.0 4.4 0.2 30.0 0.0 65.4 0.0
M_22 202.94 202.98 0.0 4.0 0.0 35.2 0.0 60.8 0.0
M_26 203.56 203.60 2.0 88.0 0.4 6.6 0.2 2.4 0.4
M_29 204.57 204.59 1.6 90.4 0.0 5.2 0.0 2.4 0.4
M_30 204.59 204.61 3.2 80.0 0.0 14.8 0.0 1.2 0.8
M_31 204.61 204.65 11.6 81.6 0.0 5.8 0.0 0.8 0.2
M_32 204.76 204.80 3.6 87.6 0.0 5.6 0.0 2.4 0.8
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Table C-2e: Seam P sequence: vitrinite and inertinite content 
 
Sample top [m] 
bottom 
[m] 
Telovitrinite 
[Vol.-%] 
Detrovitrinite
[Vol.-%] 
Gelovitrinite 
[Vol.-%] 
Semifusinite 
/Fusinite 
 [Vol.-%] 
Makrinite 
[Vol.-%] 
Inertodetrinite 
[Vol.-%] 
Mikrinite 
[Vol.-%] 
P_15 17.66 17.72 17.4 24.8 0.0 43.6 0.2 10.2 3.8
P_18 17.80 17.84 2.6 15.6 0.4 58.0 0.2 22.0 1.2
P_20 17.91 18.00 13.4 41.6 8.6 27.4 0.4 3.0 5.6
P_22 18.05 18.08 15.8 41.8 3.6 29.0 0.4 4.0 5.4
P_24 18.13 18.18 3.2 65.0 2.2 23.6 0.4 3.4 2.2
P_25 18.18 18.22 21.4 58.6 2.2 12.8 0.8 2.2 2.0
P_27 18.30 18.37 10.4 49.6 0.8 26.6 0.8 11.4 0.4
P_29 18.41 18.47 22.4 21.8 0.0 42.8 0.2 8.4 4.4
P_32 18.58 18.62 39.0 45.2 3.2 8.2 0.2 1.2 3.0
P_35 18.70 18.76 62.2 25.2 2.2 8.8 0.4 0.2 1.0
P_38 18.85 18.91 27.4 44.4 1.0 22.2 0.0 1.6 3.4
P_39 18.91 18.94 1.6 96.2 0.4 0.6 0.0 0.8 0.4
P_45 19.55 19.59 0.0 97.2 0.8 0.4 0.0 1.6 0.0
P_75 29.88 29.90 1.2 62.8 0.4 14.4 0.2 19.4 1.6
P_76 29.90 29.94 41.0 24.2 0.2 16.8 0.2 12.6 5.0
P_78 30.00 30.06 30.2 54.2 1.2 9.0 0.4 1.6 3.4
P_81 30.15 30.19 30.8 12.0 0.0 39.6 0.0 13.6 4.0
P_85 30.29 30.34 58.4 33.0 0.2 4.4 0.2 1.6 2.2
P_88 30.48 30.53 30.4 45.4 0.8 14.4 0.6 5.2 3.2
P_89 30.53 30.58 17.8 44.4 2.4 24.0 0.6 8.4 2.4
P_90 30.58 30.62 64.0 27.8 1.6 2.2 0.0 0.8 3.6
P_92 30.70 30.77 44.4 40.6 2.0 5.0 0.4 2.6 5.0
P_94 30.82 30.87 24.6 60.8 0.4 13.6 0.0 0.6 0.0
P_95 30.87 30.90 4.4 83.2 0.4 5.2 0.0 6.8 0.0
P_96 30.90 30.95 22.4 71.6 1.6 2.8 0.2 0.6 0.8
P_112 34.16 34.20 4.4 75.2 0.4 14.4 0.2 4.6 0.8
P_113 34.20 34.23 9.8 78.0 0.2 5.0 0.2 6.0 0.8
P_114 34.23 34.25 8.0 66.8 1.4 13.6 0.4 9.6 0.2
P_115 34.25 34.29 29.2 61.0 2.6 5.6 0.0 0.8 0.8
P_116 34.29 34.33 22.6 71.6 2.2 1.7 0.2 1.0 1.0
P_117 34.33 34.39 5.2 90.4 0.8 0.8 0.0 2.8 0.0
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Table C-2f: Seam V sequence: vitrinite and inertinite content 
 
Sample top [m] 
bottom 
[m] 
Telovitrinite 
[Vol.-%] 
Detrovitrinite
[Vol.-%] 
Gelovitrinite 
[Vol.-%] 
Semifusinite 
/Fusinite 
 [Vol.-%] 
Makrinite 
[Vol.-%] 
Inertodetrinite 
[Vol.-%] 
Mikrinite 
[Vol.-%] 
V_12 23.03 23.09 27.0 73.0 0.0 0.0 0.0 0.0 27.0
V_54 32.89 32.92 50.4 28.8 1.2 15.4 0.6 2.8 50.4
V_55 32.92 32.96 39.6 33.2 1.2 20.4 0.2 3.0 39.6
V_56 32.96 33.00 67.2 10.4 0.0 21.2 0.0 1.2 67.2
V_59 33.35 33.43 23.6 55.8 2.8 9.4 1.0 4.2 23.6
V_60 33.43 33.46 23.0 33.6 1.0 27.6 2.2 10.4 23.0
V_61 33.46 33.48 20.4 57.4 1.6 13.8 0.2 4.2 20.4
V_62 33.48 33.51 29.6 49.0 0.6 13.8 1.0 4.0 29.6
V_63 33.51 33.55 35.6 55.8 1.6 3.0 0.0 1.4 35.6
V_64 33.55 33.67 13.4 82.2 2.6 0.4 0.4 0.6 13.4
V_65 33.67 33.68 10.0 62.2 4.2 15.0 1.2 6.6 10.0
V_66 33.68 33.71 52.4 39.0 0.8 4.8 0.6 1.8 52.4
V_67 33.71 33.76 21.4 57.2 3.2 16.8 0.0 1.4 21.4
V_68 33.76 33.78 19.0 56.4 0.8 21.8 0.2 1.4 19.0
V_69 33.78 33.88 19.8 62.0 5.8 6.8 0.2 3.2 19.8
V_70 33.88 33.98 25.6 52.2 3.2 6.8 0.4 9.0 25.6
V_71 33.98 34.08 11.6 44.6 0.4 30.8 1.0 5.6 11.6
V_72 34.08 34.15 5.0 24.8 0.2 45.4 2.2 14.4 5.0
V_77 34.35 34.38 4.4 48.8 0.2 27.6 0.8 12.4 4.4
V_78 34.38 34.40 11.0 74.6 1.6 7.4 0.8 1.6 11.0
V_79 34.40 34.44 29.8 57.8 0.8 4.2 0.2 3.0 29.8
V_80 34.44 34.54 10.2 73.6 4.8 9.0 0.0 0.8 10.2
V_81 34.54 34.56 5.2 93.6 1.0 0.0 0.0 0.0 5.2
V_82 34.56 34.57 7.6 92.0 0.0 0.0 0.0 0.4 7.6
V_92 34.96 35.03 49.6 40.2 0.2 4.8 0.2 1.6 49.6
V_94 35.07 35.10 4.4 90.6 2.6 1.4 0.0 1.0 4.4
V_101 35.34 35.37 11.4 84.8 1.4 0.6 0.0 1.8 11.4
V_119 37.17 37.19 36.0 32.8 0.2 13.6 0.0 17.2 36.0
V_120 37.19 37.25 18.6 16.8 0.4 35.6 0.6 23.8 18.6
V_121 37.25 37.34 26.6 53.2 2.8 8.4 0.4 3.6 26.6
V_122 37.34 37.43 0.8 97.2 1.2 0.0 0.0 0.8 0.8
V_123 37.43 37.47 31.8 61.6 1.4 2.8 0.2 0.2 31.8
V_126 37.58 37.61 30.6 63.0 1.8 3.4 0.0 1.2 30.6
V_127 37.61 37.65 1.6 70.0 0.8 11.2 0.4 15.2 1.6
V_128 37.65 37.68 2.0 55.0 2.0 24.0 2.0 15.0 2.0
V_133 37.95 38.00 2.4 87.2 0.4 6.8 0.0 3.2 2.4
V_135 38.05 38.12 0.0 99.0 0.0 0.0 0.0 1.0 0.0
V_136 38.12 38.13 0.0 100.0 0.0 0.0 0.0 0.0 0.0
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Table C-3a: Seam D sequence: liptinite content 
 
Sample top [m] 
bottom 
 [m] 
Sporinite  
[Vol.-%] 
Kutinite 
[Vol.-%] 
Resinite 
[Vol.-%] 
Fluorinit 
[Vol.-%] 
Liptodetrinite 
[Vol.-%] 
Exsudatinite 
[Vol.-%] 
D_52 306.10 306.15 88.6 4.0 1.4 0.0 6.0 0.0
D_62 306.46 306.49 80.8 4.0 3.2 0.0 10.6 1.4
D_63 306.49 306.52 71.8 3.0 1.6 0.2 6.8 16.6
D_64 306.52 306.55 83.6 3.4 2.0 0.0 9.8 1.2
D_65 306.55 306.57 81.2 7.2 4.6 0.2 6.4 0.4
D_66 306.57 306.59 91.6 3.0 1.4 0.4 3.4 0.2
D_67 306.59 306.61 87.0 6.0 3.4 0.0 3.6 0.0
D_68 306.61 306.63 88.8 5.2 3.8 0.2 2.0 0.0
D_69 306.63 306.65 88.8 2.2 1.8 0.0 7.2 0.0
D_72 306.70 306.72 96.0 0.0 0.0 0.0 4.0 0.0
D_73 306.72 306.74 84.4 1.2 6.8 0.4 5.2 2.0
D_74 306.74 306.77 89.2 2.4 1.6 0.0 6.4 0.4
D_81 306.95 306.97 94.4 0.4 0.4 0.0 4.8 0.0
 
 
Table C-3b: Seam H sequence: liptinite content 
 
Sample top [m] 
bottom 
 [m] 
Sporinite  
[Vol.-%] 
Kutinite 
[Vol.-%] 
Resinite 
[Vol.-%] 
Fluorinit 
[Vol.-%] 
Liptodetrinite 
[Vol.-%] 
Exsudatinite 
[Vol.-%] 
H_49 258.29 258.32 66.4 15.0 0.8 1.2 13.0 3.6
H_52 258.41 258.44 64.0 17.6 1.6 0.0 16.8 0.0
H_58 258.63 258.67 66.8 10.0 0.2 0.2 17.2 5.6
H_64 258.85 258.88 81.8 6.8 0.8 0.6 9.4 0.6
H_70 259.08 259.11 78.2 8.0 0.6 0.0 6.8 6.4
 
Table C-3c: Seam K sequence: liptinite content 
 
Sample top [m] 
bottom 
 [m] 
Sporinite  
[Vol.-%] 
Kutinite 
[Vol.-%] 
Resinite 
[Vol.-%] 
Fluorinit 
[Vol.-%] 
Liptodetrinite 
[Vol.-%] 
Exsudatinite 
[Vol.-%] 
K_41c 196.5 196.6 82.0 2.8 0.4 3.2 11.6 0.0
K_44 196.6 196.6 82.8 7.2 1.6 0.0 8.4 0.0
K_45a 196.6 196.7 32.4 4.8 2.0 2.8 54.4 3.6
K_46 196.7 196.7 54.2 13.4 1.8 0.0 30.6 0.0
K_55 197.0 197.1 86.6 4.6 0.4 0.6 7.6 0.2
K_56 197.1 197.1 87.0 8.6 0.6 0.0 3.6 0.2
K_57 197.1 197.1 87.6 7.0 0.4 0.2 4.8 0.0
K_58 197.1 197.1 84.4 4.6 0.4 0.2 10.4 0.0
K_59 197.1 197.1 93.0 1.2 0.0 0.2 5.6 0.0
K_60 197.1 197.1 89.2 4.2 0.0 0.4 6.2 0.0
K_63 197.2 197.2 89.6 5.4 0.0 0.0 5.0 0.0
K_64 197.2 197.2 86.8 3.8 0.0 0.0 9.4 0.0
K_77 197.6 197.6 90.6 1.2 0.0 0.0 8.2 0.0
K_79 197.6 197.6 94.6 1.6 0.0 0.2 3.6 0.0
K_81 197.7 197.7 90.0 1.4 0.2 0.4 7.8 0.2
K_82 197.7 197.7 93.6 0.2 0.2 0.4 5.6 0.0
K_83 197.7 197.8 95.0 2.4 0.2 0.0 2.4 0.0
K_84 197.8 197.8 88.2 3.2 0.2 0.4 7.6 0.2
K_85 197.8 197.8 85.4 3.8 0.4 0.2 8.6 0.0
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Table C-3d: Seam M sequence: liptinite content 
 
Sample top [m] 
bottom 
 [m] 
Sporinite  
[Vol.-%] 
Kutinite 
[Vol.-%] 
Resinite 
[Vol.-%] 
Fluorinit 
[Vol.-%] 
Liptodetrinite 
[Vol.-%] 
Exsudatinite 
[Vol.-%] 
M_12 202.60 202.65 71.2 16.2 1.2 1.8 9.4 0.2
M_13 202.65 202.70 80.6 6.2 0.4 1.0 8.0 3.8
M_14 202.70 202.73 78.6 8.0 1.0 0.8 3.4 8.2
M_15 202.73 202.76 74.8 7.8 1.4 2.8 13.2 0.0
M_18 202.84 202.87 92.0 5.4 0.8 0.0 1.4 0.4
 
Table C-3e: Seam P sequence: liptinite content 
 
 
Sample top [m] 
bottom 
 [m] 
Sporinite  
[Vol.-%] 
Kutinite 
[Vol.-%] 
Resinite 
[Vol.-%] 
Fluorinit 
[Vol.-%] 
Liptodetrinite 
[Vol.-%] 
Exsudatinite 
[Vol.-%] 
P_15 17.66 17.72 69.2 14.0 0.0 0.8 14.8 1.2
P_18 17.80 17.84 64.8 22.0 1.2 0.4 11.6 0.0
P_22 18.05 18.08 73.6 12.4 0.0 3.6 10.4 0.0
P_24 18.13 18.18 77.6 12.4 0.4 2.0 7.6 0.0
P_25 18.18 18.22 60.8 23.2 0.4 6.4 8.8 0.4
P_27 18.30 18.37 78.0 12.8 0.2 1.0 8.0 0.0
P_29 18.41 18.47 85.2 7.2 1.2 0.0 6.4 0.0
P_76 29.90 29.94 72.8 14.8 0.0 0.4 12.0 0.0
P_81 30.15 30.19 66.8 14.0 0.4 1.6 11.2 6.0
P_88 30.48 30.53 58.0 23.6 4.0 2.0 11.2 1.2
P_114 34.23 34.25 76.4 14.4 0.8 1.2 7.2 0.0
 
 
Table C-3f: Seam V sequence: liptinite content 
 
 
Sample top [m] 
bottom 
 [m] 
Sporinite  
[Vol.-%] 
Kutinite 
[Vol.-%] 
Resinite 
[Vol.-%] 
Fluorinit 
[Vol.-%] 
Liptodetrinite 
[Vol.-%] 
Exsudatinite 
[Vol.-%] 
V_55 32.92 32.96 68.0 16.0 3.6 5.2 7.2 0.0
V_59 33.35 33.43 69.8 12.4 4.4 8.0 5.4 0.0
V_60 33.43 33.46 76.4 7.4 2.8 10.0 3.2 0.2
V_61 33.46 33.48 65.8 10.4 0.6 17.4 5.8 0.0
V_63 33.51 33.55 53.0 17.4 2.4 20.6 6.6 0.0
V_65 33.67 33.68 85.6 3.4 0.6 7.2 3.2 0.0
V_69 33.78 33.88 56.2 15.0 1.4 22.6 4.8 0.0
V_70 33.88 33.98 62.2 9.6 2.4 16.8 8.6 0.4
V_71 33.98 34.08 77.2 9.0 2.0 2.2 7.2 2.4
V_72 34.08 34.15 80.0 7.8 6.0 1.4 4.8 0.0
V_78 34.38 34.40 65.6 18.8 0.0 8.0 7.2 0.4
V_80 34.44 34.54 53.6 28.2 1.8 10.4 6.0 0.0
V_120 37.19 37.25 83.2 3.6 1.2 2.0 10.0 0.0
V_121 37.25 37.34 75.6 9.8 6.2 2.2 6.2 0.0
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Table C-4a: Seam D sequence: TOC and rock eval values of sediment samples 
 
sample top [m] 
bottom 
[m] 
TOC 
[wt-%] 
Tmax 
[°C] 
S1 
[mg HC/g 
rock] 
S2 
[mg HC/g 
rock] 
S3 
[mg CO2/g 
rock] 
HI 
[mg HC/g] 
OI 
[mg CO2/g] 
PI 
D_2 300.13 300.18 1.69 448 0.09 0.78 0.40 46.15 23.67 0.10
D_6 300.71 300.76 1.44 449 0.06 0.67 0.21 46.66 14.62 0.08
D_11 301.29 301.32 1.59 445 0.04 0.33 0.33 20.74 20.74 0.11
D_15 301.85 301.87 1.10 451 0.05 0.49 0.17 44.38 15.40 0.09
D_18 302.30 302.33 0.87 452 0.08 0.66 0.04 76.05 4.61 0.11
D_23 302.83 302.85 0.64 452 0.06 0.55 0.11 85.58 17.12 0.10
D_27 303.31 303.34 0.68 453 0.06 0.47 0.10 69.35 14.76 0.11
D_32 303.90 303.93 1.08 455 0.06 0.47 0.17 43.72 15.81 0.11
D_35 304.44 304.47 0.87 453 0.08 0.66 0.08 75.92 9.20 0.11
D_39 304.92 305.01 1.48 453 0.04 0.42 0.24 28.30 16.17 0.09
D_41 305.17 305.28 0.88 450 0.07 0.57 0.08 64.74 9.09 0.11
D_44 305.47 305.54 1.16 451 0.09 1.31 0.05 112.93 4.31 0.06
D_46 305.64 305.75 0.89 450 0.04 0.67 0.08 75.15 8.97 0.06
D_49 305.93 305.98 1.86 453 0.11 2.59 0.10 139.40 5.38 0.04
D_50 305.98 306.06 58.85 453 4.24 107.67 0.10 182.96 0.17 0.04
D_52 306.10 306.15 45.30 448 2.52 99.71 0.65 220.11 1.43 0.02
D_53 306.15 306.20 6.72 451 0.28 13.37 0.02 199.02 0.30 0.02
D_54 306.20 306.23 6.68 455 0.23 10.73 0.18 160.75 2.70 0.02
D_55 306.23 306.26 18.43 449 0.88 40.32 0.28 218.77 1.52 0.02
D_56 306.26 306.30 44.32 452 2.70 92.20 1.30 208.03 2.93 0.03
D_57 306.30 306.32 34.80 436 3.23 68.95 4.37 198.13 12.56 0.04
D_58 306.32 306.34 8.32 454 0.30 14.21 0.07 170.85 0.84 0.02
D_59 306.34 306.36 27.56 450 1.20 44.90 0.38 162.92 1.38 0.03
D_60 306.36 306.38 60.06 450 3.83 133.03 0.50 221.50 0.83 0.03
D_61 306.38 306.46 75.75 452 4.11 161.07 0.98 212.63 1.29 0.02
D_62 306.46 306.49 80.34 446 3.90 157.10 1.50 195.54 1.87 0.02
D_63 306.49 306.52 78.77 450 4.42 168.17 1.82 213.49 2.31 0.03
D_64 306.52 306.55 76.27 447 3.84 136.44 0.19 178.89 0.25 0.03
D_65 306.55 306.57 78.24 446 3.91 191.54 1.64 244.81 2.10 0.02
D_66 306.57 306.59 79.75 452 3.52 141.80 1.04 177.81 1.30 0.02
D_67 306.59 306.61 78.05 446 4.09 142.28 2.00 182.29 2.56 0.03
D_68 306.61 306.63 80.44 445 4.62 161.13 0.56 200.31 0.70 0.03
D_69 306.63 306.65 80.18 450 3.75 173.95 0.52 216.95 0.65 0.02
D_70 306.65 306.67 55.41 440 4.85 114.35 7.42 206.37 13.39 0.04
D_71 306.67 306.70 10.26 451 0.84 16.75 0.07 163.26 0.68 0.05
D_72 306.70 306.72 9.65 440 0.73 18.44 0.99 191.05 10.26 0.04
D_73 306.72 306.74 11.12 444 1.25 29.20 0.47 262.59 4.23 0.04
D_74 306.74 306.77 20.96 447 1.74 45.51 0.08 217.13 0.38 0.04
D_75 306.77 306.79 11.87 451 0.86 15.68 0.25 132.10 2.11 0.05
D_76 306.79 306.80 15.92 448 1.41 39.58 0.19 248.62 1.19 0.03
D_77 306.80 306.82 23.97 440 2.55 44.65 2.95 186.27 12.31 0.05
D_78 306.82 306.85 10.92 - - - - - - - 
D_79 306.85 306.90 10.91 438 1.32 17.39 0.22 159.40 2.02 0.07
D_80 306.90 306.95 5.29 447 0.40 9.28 0.10 175.56 1.89 0.04
D_81 306.95 306.97 7.68 443 0.71 18.14 0.09 236.20 1.17 0.04
D_82 306.97 307.00 3.66 444 0.33 5.70 0.08 155.87 2.19 0.05
D_84 307.16 307.21 0.57 448 0.08 0.61 0.07 106.16 12.18 0.12
D_89a 307.45 307.54 0.42 463 0.05 0.24 0.09 57.33 21.50 0.17
D_89b     7.57 438 0.03 0.06 7.67 0.79 101.27 0.33
D_93a 307.88 307.99 0.73 469 0.08 0.31 0.24 42.40 32.82 0.21
D_93b     5.96 440 0.14 0.16 13.52 2.68 226.77 0.47
D_100 308.79 308.84 0.44 451 0.07 0.35 0.06 79.37 13.61 0.17
D_104 309.32 309.38 1.23 464 0.05 0.20 0.89 16.21 72.12 0.20
D_108 309.67 309.72 6.31 455 0.06 0.25 4.64 3.96 73.53 0.19
D_110 309.78 309.80 1.33 446 0.16 1.65 0.08 123.87 6.01 0.09
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Table C-4a (cont.): Seam D sequence: TOC and rock eval values of kerogen concentrates 
 
sample top [m] 
bottom 
[m] 
TOC 
[wt-%] 
Tmax 
[°C] 
S1 
[mg HC/g 
rock] 
S2 
[mg HC/g 
rock] 
S3 
[mg CO2/g 
rock] 
HI 
[mg HC/g] 
OI 
[mg CO2/g] 
PI 
D_2 300.13 300.18 2.65 445 0.25 1.24 0.29 46.85 10.96 0.17
D_6 300.71 300.76 - - - - - - - - 
D_11 301.29 301.32 1.72 434 0.24 0.55 0.21 31.98 12.21 0.30
D_15 301.85 301.87 1.52 442 0.20 0.72 0.15 47.24 9.84 0.22
D_18 302.30 302.33 - - - - - - - - 
D_23 302.83 302.85 - - - - - - - - 
D_27 303.31 303.34 1.77 441 0.26 0.59 0.15 33.43 8.50 0.31
D_32 303.90 303.93 - - - - - - - - 
D_35 304.44 304.47 - - - - - - - - 
D_39 304.92 305.01 1.04 431 0.12 0.40 0.12 38.35 11.51 0.23
D_41 305.17 305.28 - - - - - - - - 
D_44 305.47 305.54 - - - - - - - - 
D_46 305.64 305.75 - - - - - - - - 
D_49 305.93 305.98 4.62 432 0.68 4.41 0.00 95.52 0.00 0.13
D_50 305.98 306.06 51.64 439 3.13 45.55 2.62 88.21 5.07 0.06
D_52 306.10 306.15 22.64 431 1.74 30.44 8.30 134.45 36.66 0.05
D_53 306.15 306.20 - - - - - - - - 
D_54 306.20 306.23 12.84 436 0.96 10.06 0.88 78.35 6.85 0.09
D_55 306.23 306.26 - - - - - - - - 
D_56 306.26 306.30 43.38 438 3.26 50.69 3.56 116.85 8.21 0.06
D_57 306.30 306.32 - - - - - - - - 
D_58 306.32 306.34 34.76 442 2.47 33.08 0.50 95.17 1.44 0.07
D_59 306.34 306.36 - - - - - - - - 
D_60 306.36 306.38 - - - - - - - - 
D_61 306.38 306.46 - - - - - - - - 
D_62 306.46 306.49 73.12 433 3.46 91.28 21.38 124.84 29.24 0.04
D_63 306.49 306.52 - - - - - - - - 
D_64 306.52 306.55 - - - - - - - - 
D_65 306.55 306.57 - - - - - - - - 
D_66 306.57 306.59 - - - - - - - - 
D_67 306.59 306.61 - - - - - - - - 
D_68 306.61 306.63 - - - - - - - - 
D_69 306.63 306.65 - - - - - - - - 
D_70 306.65 306.67 - - - - - - - - 
D_71 306.67 306.70 20.57 439 1.05 16.65 1.70 80.94 8.26 0.06
D_72 306.70 306.72 16.34 428 1.46 22.44 0.70 137.33 4.28 0.06
D_73 306.72 306.74 - - - - - - - - 
D_74 306.74 306.77 42.53 434 2.74 39.70 0.98 93.35 2.30 0.06
D_75 306.77 306.79 - - - - - - - - 
D_76 306.79 306.80 - - - - - - - - 
D_77 306.80 306.82 - - - - - - - - 
D_78 306.82 306.85 - - - - - - - - 
D_79 306.85 306.90 - - - - - - - - 
D_80 306.90 306.95 12.03 427 1.04 12.33 1.28 102.49 10.64 0.08
D_81 306.95 306.97 31.40 432 2.53 41.84 3.33 133.25 10.61 0.06
D_82 306.97 307.00 1.54 435 0.18 0.55 0.31 35.62 20.08 0.25
D_84 307.16 307.21 2.70 435 0.28 1.39 0.15 51.52 5.56 0.17
D_89a 307.45 307.54 - - - - - - - - 
D_89b     0.59 428 0.04 0.02 1.99 3.37 335.81 0.67
D_93a 307.88 307.99 1.42 445 0.13 0.48 0.00 33.83 0.00 0.21
D_93b     0.73 388 0.06 0.05 10.24 6.82 1396.24 0.55
D_100 308.79 308.84 1.33 435 0.15 0.41 0.11 30.80 8.26 0.27
D_104 309.32 309.38 - - - - - - - - 
D_108 309.67 309.72 0.81 457 0.08 0.18 0.41 22.19 50.54 0.31
D_110 309.78 309.80 - - - - - - - - 
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sample top [m] 
bottom 
[m] 
TOC 
[wt-%] 
Tmax 
[°C] 
S1 
[mg HC/g 
rock] 
S2 
[mg HC/g 
rock] 
S3 
[mg CO2/g 
rock] 
HI 
[mg HC/g] 
OI 
[mg 
CO2/g] 
PI 
D_113 310.03 310.06 1.41 444 0.11 0.91 0.63 64.45 44.62 0.11
D_115 310.21 310.27 2.10 452 0.09 0.44 1.36 20.96 64.79 0.17
D_118 310.66 310.70 1.33 443 0.17 0.75 1.76 56.26 132.03 0.18
D_122 311.29 311.33 3.26 456 0.10 0.42 3.61 12.87 110.63 0.19
D_127 311.90 311.97 0.99 447 0.09 0.67 0.21 67.72 21.23 0.12
D_131 312.46 312.49 1.35 447 0.07 1.00 0.52 74.35 38.66 0.07
D_134 312.89 312.92 1.17 449 0.11 1.09 0.07 93.32 5.99 0.09
D_137 313.49 313.54 1.21 447 0.12 0.63 0.56 52.11 46.32 0.16
D_140 314.15 314.19 0.89 449 0.12 0.77 0.17 87.00 19.21 0.13
D_144 314.58 314.71 0.68 449 0.05 0.10 0.27 14.81 39.99 0.33
D_146 314.75 314.79 2.15 450 0.29 2.09 0.58 97.12 26.95 0.12
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sample top [m] 
bottom 
[m] 
TOC 
[wt-%] 
Tmax 
[°C] 
S1 
[mg HC/g 
rock] 
S2 
[mg HC/g 
rock] 
S3 
[mg CO2/g 
rock] 
HI 
[mg HC/g] 
OI 
[mg 
CO2/g] 
PI 
D_113 310.03 310.06 - - - - - - - - 
D_115 310.21 310.27 - - - - - - - - 
D_118 310.66 310.70 2.58 441 0.28 1.51 0.03 58.60 1.16 0.16
D_122 311.29 311.33 0.98 444 0.15 0.31 1.52 31.57 154.82 0.33
D_127 311.90 311.97 - - - - - - - - 
D_131 312.46 312.49 - - - - - - - - 
D_134 312.89 312.92 - - - - - - - - 
D_137 313.49 313.54 - - - - - - - - 
D_140 314.15 314.19 - - - - - - - - 
D_144 314.58 314.71 - - - - - - - - 
D_146 314.75 314.79 5.46 449 0.54 4.16 0.51 76.18 9.34 0.11
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Table C-4b: Seam H sequence: TOC and rock eval values of sediment samples 
 
sample top [m] 
bottom 
[m] 
TOC 
[wt-%] 
Tmax 
[°C] 
S1 
[mg HC/g 
rock] 
S2 
[mg HC/g 
rock] 
S3 
[mg CO2/g 
rock] 
HI 
[mg HC/g] 
OI 
[mg 
CO2/g] 
PI 
H_1 252.00 252.02 1.21 454 0.05 0.34 3.06 28.22 253.94 0.13
H_5 252.98 253.01 0.68 498 0.04 0.25 2.03 36.72 298.13 0.14
H_8 253.82 253.90 0.96 441 0.06 0.56 3.51 58.33 365.63 0.10
H_9 253.90 253.97 1.46 439 0.09 1.13 4.42 77.29 302.33 0.07
H_11 254.58 254.62 1.81 441 0.10 1.50 4.08 82.83 225.29 0.06
H_14 255.52 255.57 1.60 441 0.16 1.31 1.51 81.72 94.20 0.11
H_19 256.66 256.70 1.22 441 0.09 1.11 2.84 91.13 233.17 0.08
H_25 257.15 257.20 1.00 447 0.04 0.82 2.02 82.17 202.43 0.05
H_28a 257.32 257.41 0.73 455 0.06 1.08 0.39 148.27 53.54 0.05
H_28b 257.32 257.41 3.31 451 0.05 0.48 25.68 14.50 775.60 0.09
H_29 257.50 257.53 1.89 448 0.11 2.61 0.41 137.80 21.65 0.04
H_30 257.57 257.61 1.13 499 0.04 0.96 1.24 84.96 109.73 0.04
H_33 257.76 257.78 7.05 448 0.30 12.51 0.52 177.35 7.37 0.02
H_36 257.83 257.87 5.11 444 0.33 8.83 0.99 172.80 19.37 0.04
H_39 257.92 257.99 76.61 440 2.42 155.04 3.36 202.38 4.39 0.02
H_41 257.99 258.02 76.70 447 3.14 171.52 1.90 223.62 2.48 0.02
H_44 258.09 258.12 66.03 449 3.66 148.71 5.64 225.22 8.54 0.02
H_47 258.22 258.25 73.29 448 2.95 147.14 3.90 200.76 5.32 0.02
H_49 258.29 258.32 80.62 448 4.70 182.74 2.35 226.67 2.91 0.03
H_52 258.41 258.44 82.51 435 7.31 184.43 8.86 223.52 10.74 0.04
H_55 258.51 258.56 82.69 438 4.10 179.50 10.50 217.08 12.70 0.02
H_58 258.63 258.67 81.68 449 2.70 147.40 2.10 180.46 2.57 0.02
H_61 258.75 258.80 76.61 450 1.71 127.80 3.90 166.82 5.09 0.01
H_64 258.85 258.88 81.11 438 3.80 146.80 9.30 180.99 11.47 0.03
H_67 258.95 258.99 77.87 446 2.92 159.90 11.50 205.34 14.77 0.02
H_70 259.08 259.11 77.03 450 3.66 154.85 3.66 201.03 4.75 0.02
H_72 259.16 259.22 80.87 449 2.91 140.67 0.00 173.95 0.00 0.02
H_74 259.26 259.32 51.69 450 1.61 90.85 3.90 175.76 7.54 0.02
H_75 259.32 259.33 26.31 449 1.20 40.57 1.98 154.20 7.53 0.03
H_76 259.33 259.36 19.70 446 0.80 35.80 0.16 181.73 0.81 0.02
H_77 259.36 259.38 5.45 441 0.18 9.53 0.00 174.80 0.00 0.02
H_79 259.46 259.49 0.73 444 0.09 1.18 1.33 160.63 181.05 0.07
H_81 259.68 259.78 0.81 452 0.07 1.19 0.47 146.66 57.92 0.06
H_84 260.02 260.05 0.94 475 0.06 0.37 0.46 39.36 48.93 0.14
H_86 260.43 260.47 0.49 444 0.04 0.69 0.01 140.42 2.04 0.05
H_87 260.77 260.80 1.24 451 0.05 0.60 5.06 48.23 406.75 0.08
H_90 261.24 261.28 0.84 445 0.06 0.92 0.55 109.92 65.71 0.06
H_93 261.66 261.68 1.01 450 0.05 0.88 1.45 86.96 143.28 0.05
H_96 262.19 262.23 1.18 437 0.09 1.17 2.07 98.90 174.98 0.07
H_103 263.76 263.78 0.96 441 0.08 0.55 1.35 57.47 141.07 0.13
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Table C-4b (cont.): Seam H sequence: TOC and rock eval values of kerogen concentrates 
 
sample top [m] 
bottom 
[m] 
TOC - 
ker - 
Tmax -
ker - S1 - ker - S2 -ker - S3 - ker - 
HI[mgKW/g] 
- ker - 
OI[mgCO2/g] 
- ker - 
PI - ker 
- 
H_1 252.00 252.02 1.42 441 0.32 0.73 0.75 51.59 53.00 0.30
H_5 252.98 253.01 2.90 442 1.10 2.36 0.54 81.27 18.60 0.32
H_8 253.82 253.90 - - - - - - - - 
H_9 253.90 253.97 3.18 443 0.78 1.81 0.81 57.01 25.51 0.30
H_11 254.58 254.62 2.64 439 0.27 1.60 0.69 60.63 26.15 0.14
H_14 255.52 255.57 5.33 448 0.69 4.53 0.79 85.07 14.84 0.13
H_19 256.66 256.70 2.32 442 0.15 0.79 0.86 34.01 37.02 0.16
H_25 257.15 257.20 - - - - - - - - 
H_28a 257.32 257.41 2.26 443 0.58 1.31 0.58 58.04 25.70 0.31
H_28b 257.32 257.41 0.74 400 0.32 0.17 4.66 22.86 626.51 0.65
H_29 257.50 257.53 - - - - - - - - 
H_30 257.57 257.61 - - - - - - - - 
H_33 257.76 257.78 27.47 441 2.75 28.36 0.00 103.24 0.00 0.09
H_36 257.83 257.87 16.48 - - - - - - - 
H_39 257.92 257.99 - - - - - - - - 
H_41 257.99 258.02 - - - - - - - - 
H_44 258.09 258.12 - - - - - - - - 
H_47 258.22 258.25 - - - - - - - - 
H_49 258.29 258.32 - - - - - - - - 
H_52 258.41 258.44 - - - - - - - - 
H_55 258.51 258.56 - - - - - - - - 
H_58 258.63 258.67 - - - - - - - - 
H_61 258.75 258.80 - - - - - - - - 
H_64 258.85 258.88 - - - - - - - - 
H_67 258.95 258.99 - - - - - - - - 
H_70 259.08 259.11 - - - - - - - - 
H_72 259.16 259.22 - - - - - - - - 
H_74 259.26 259.32 - - - - - - - - 
H_75 259.32 259.33 - - - - - - - - 
H_76 259.33 259.36 41.53 438 2.47 42.87 0.99 103.23 2.38 0.05
H_77 259.36 259.38 2.25 441 2.09 15.45 1.01 688.20 44.99 0.12
H_79 259.46 259.49 - - - - - - - - 
H_81 259.68 259.78 0.13 436 1.56 4.33 0.82 3,343.63 633.20 0.26
H_84 260.02 260.05 - - - - - - - - 
H_86 260.43 260.47 1.67 437 0.15 0.61 0.17 36.59 10.20 0.20
H_87 260.77 260.80 - - - - - - - - 
H_90 261.24 261.28 2.16 445 0.17 1.00 0.45 46.40 20.88 0.15
H_93 261.66 261.68 - - - - - - - - 
H_96 262.19 262.23 3.53 438 0.62 2.76 0.83 78.23 23.53 0.18
H_103 263.76 263.78 - - - - - - - - 
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Table C-4c: Seam K sequence: TOC and rock eval values of sediment samples 
 
sample top [m] 
bottom 
[m] 
TOC 
[wt-%] 
Tmax 
[°C] 
S1 
[mg HC/g 
rock] 
S2 
[mg HC/g 
rock] 
S3 
[mg CO2/g 
rock] 
HI 
[mg HC/g] 
OI 
[mg CO2/g] 
PI 
K_1 189.19 189.21 1.41 476 0.03 0.03 0.14 2.13 9.93 0.50
K_2 189.66 189.68 1.51 446 0.07 1.02 2.35 67.55 155.63 0.06
K_3 190.03 190.05 1.46 442 0.09 1.01 1.74 69.18 119.18 0.08
K_4 190.50 190.52 1.84 443 0.08 0.87 3.17 47.21 172.00 0.08
K_5 190.97 190.99 1.60 444 0.16 0.96 3.80 60.15 238.10 0.14
K_6 191.24 191.27 1.59 441 0.10 1.08 2.00 67.84 125.63 0.08
K_7 191.52 191.54 1.86 442 0.10 0.93 3.17 50.00 170.43 0.10
K_8 191.79 191.81 1.59 441 0.09 1.08 2.07 67.75 129.86 0.08
K_9 192.06 192.08 1.58 443 0.14 1.06 1.82 67.22 115.41 0.12
K_10 192.48 192.50 1.57 442 0.09 1.15 1.68 73.44 107.28 0.07
K_11 192.90 192.92 1.42 442 0.30 1.05 2.89 74.10 203.95 0.22
K_12 193.17 193.19 1.37 445 0.12 0.90 1.90 65.65 138.58 0.12
K_13 193.44 193.45 1.88 443 0.10 0.92 3.11 48.94 165.43 0.10
K_14 193.60 193.62 1.51 434 0.11 1.39 0.87 92.18 57.69 0.07
K_15 193.82 193.84 1.53 442 0.08 0.93 2.08 60.67 135.68 0.08
K_16 194.04 194.07 1.68 445 0.14 1.40 2.38 83.58 142.09 0.09
K_17 194.27 194.29 1.81 440 0.13 1.15 2.66 63.47 146.80 0.10
K_18 194.49 194.52 1.64 445 0.08 0.92 2.60 55.96 158.15 0.08
K_19 194.62 194.63 1.55 444 0.10 1.15 2.13 74.00 137.07 0.08
K_20 194.73 194.75 1.54 443 0.09 0.92 2.41 59.62 156.19 0.09
K_21 194.85 194.87 1.38 443 0.08 1.00 1.28 72.67 93.02 0.07
K_22 195.07 195.08 2.22 440 1.26 1.12 1.66 50.47 74.81 0.53
K_23 195.33 195.35 1.89 442 0.09 1.39 2.24 73.62 118.64 0.06
K_24 195.45 195.47 1.12 447 0.11 1.13 1.08 101.07 96.60 0.09
K_25 195.47 195.51 1.55 - - - - - - - 
K_27 195.60 195.63 1.86 445 0.07 0.92 2.25 49.54 121.16 0.07
K_28 195.73 195.76 1.17 442 0.06 1.09 2.02 93.48 173.24 0.05
K_30 195.86 195.89 2.47 443 0.12 1.61 4.02 65.31 163.08 0.07
K_31 195.89 195.92 3.16 447 0.14 3.59 2.06 113.50 65.13 0.04
K_32 195.92 196.00 1.51 442 0.05 0.66 3.59 43.68 237.59 0.07
K_33 196.00 196.05 1.32 439 0.05 0.55 2.78 41.83 211.41 0.08
K_34 196.05 196.08 2.10 443 0.10 1.19 4.13 56.69 196.76 0.08
K_35 196.08 196.13 2.15 448 0.06 1.38 1.13 64.07 52.46 0.04
K_38 196.20 196.25 1.84 450 0.08 1.37 2.64 74.58 143.71 0.06
K_39 196.35 196.37 2.24 449 0.09 2.15 2.95 96.11 131.87 0.04
K_40 196.47 196.51 4.86 445 0.13 5.84 2.86 120.12 58.82 0.02
K_41a 196.51 196.52 6.97 446 0.28 11.79 0.25 169.13 3.59 0.02
K_41b 196.52 196.54 6.97 - - - - - - - 
K_41c 196.54 196.56 6.97 - - - - - - - 
K_42 196.56 196.58 18.22 438 1.54 40.50 1.88 222.28 10.32 0.04
K_43 196.58 196.62 74.46 449 1.96 155.09 4.21 208.29 5.65 0.01
K_44 196.62 196.65 76.70 438 3.72 191.07 5.39 249.11 7.03 0.02
K_45a 196.65 196.67 37.77 440 1.50 67.96 3.73 179.93 9.88 0.02
K_45b 196.67 196.69 37.77 - - - - - - - 
K_46 196.69 196.73 63.78 551 0.40 1.61 1.11 2.52 1.74 0.20
K_47 196.73 196.75 73.86 453 1.38 116.53 0.69 157.77 0.93 0.01
K_48 196.75 196.77 75.49 447 2.72 135.95 4.04 180.09 5.35 0.02
K_49 196.77 196.79 68.97 453 1.10 105.10 6.30 152.39 9.13 0.01
K_50 196.79 196.81 76.57 435 1.37 158.52 4.21 207.03 5.50 0.01
K_51 196.81 196.83 75.20 437 3.83 152.32 0.20 202.55 0.27 0.02
K_52 196.83 197.00 62.37 - - - - - - - 
K_53 197.00 197.02 71.31 450 1.88 100.99 0.19 141.62 0.27 0.02
K_54 197.02 197.04 70.55 441 1.47 135.49 2.94 192.05 4.17 0.01
K_55 197.04 197.06 72.91 448 1.98 109.90 9.20 150.73 12.62 0.02
K_56 197.06 197.08 68.79 449 1.40 117.10 4.60 170.23 6.69 0.01
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Table C-4c (cont.): Seam K sequence: TOC and rock eval values of kerogen concentrates 
 
sample top [m] 
bottom 
[m] 
TOC 
[wt-%] 
Tmax 
[°C] 
S1 
[mg HC/g 
rock] 
S2 
[mg HC/g 
rock] 
S3 
[mg CO2/g 
rock] 
HI 
[mg HC/g] 
OI 
[mg CO2/g] 
PI 
K_1 189.19 189.21 2.72 439 0.29 1.03 0.71 37.88 26.11 0.22
K_2 189.66 189.68 2.49 441 0.22 1.01 0.74 40.59 29.74 0.18
K_3 190.03 190.05 2.97 442 0.23 1.45 0.74 48.77 24.89 0.14
K_4 190.50 190.52 2.51 440 0.24 1.02 0.29 40.62 11.55 0.19
K_5 190.97 190.99 2.99 441 0.24 1.46 1.18 48.91 39.53 0.14
K_6 191.24 191.27 3.25 441 0.26 1.39 0.55 42.84 16.95 0.16
K_7 191.52 191.54 2.83 445 0.18 1.32 0.36 46.64 12.72 0.12
K_8 191.79 191.81 3.06 441 0.31 1.16 0.98 37.97 32.08 0.21
K_9 192.06 192.08 - - - - - - - - 
K_10 192.48 192.50 3.24 - - - - - - - 
K_11 192.90 192.92 2.89 - - - - - - - 
K_12 193.17 193.19 3.04 - - - - - - - 
K_13 193.44 193.45 2.49 - - - - - - - 
K_14 193.60 193.62 2.75 - - - - - - - 
K_15 193.82 193.84 2.69 - - - - - - - 
K_16 194.04 194.07 3.09 - - - - - - - 
K_17 194.27 194.29 - - - - - - - - 
K_18 194.49 194.52 - - - - - - - - 
K_19 194.62 194.63 - - - - - - - - 
K_20 194.73 194.75 - - - - - - - - 
K_21 194.85 194.87 - - - - - - - - 
K_22 195.07 195.08 - - - - - - - - 
K_23 195.33 195.35 - - - - - - - - 
K_24 195.45 195.47 - - - - - - - - 
K_25 195.47 195.51 - - - - - - - - 
K_27 195.60 195.63 - - - - - - - - 
K_28 195.73 195.76 - - - - - - - - 
K_30 195.86 195.89 - - - - - - - - 
K_31 195.89 195.92 - - - - - - - - 
K_32 195.92 196.00 - - - - - - - - 
K_33 196.00 196.05 - - - - - - - - 
K_34 196.05 196.08 - - - - - - - - 
K_35 196.08 196.13 - - - - - - - - 
K_38 196.20 196.25 3.17 - - - - - - - 
K_39 196.35 196.37 - - - - - - - - 
K_40 196.47 196.51 10.99 - - - - - - - 
K_41a 196.51 196.52 - - - - - - - - 
K_41b 196.52 196.54 - - - - - - - - 
K_41c 196.54 196.56 - - - - - - - - 
K_42 196.56 196.58 - - - - - - - - 
K_43 196.58 196.62 - - - - - - - - 
K_44 196.62 196.65 - - - - - - - - 
K_45a 196.65 196.67 - - - - - - - - 
K_45b 196.67 196.69 - - - - - - - - 
K_46 196.69 196.73 - - - - - - - - 
K_47 196.73 196.75 - - - - - - - - 
K_48 196.75 196.77 - - - - - - - - 
K_49 196.77 196.79 - - - - - - - - 
K_50 196.79 196.81 - - - - - - - - 
K_51 196.81 196.83 - - - - - - - - 
K_52 196.83 197.00 - - - - - - - - 
K_53 197.00 197.02 - - - - - - - - 
K_54 197.02 197.04 - - - - - - - - 
K_55 197.04 197.06 - - - - - - - - 
K_56 197.06 197.08 - - - - - - - - 
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sample top [m] 
bottom 
[m] 
TOC 
[wt-%] 
Tmax 
[°C] 
S1 
[mg HC/g 
rock] 
S2 
[mg HC/g 
rock] 
S3 
[mg CO2/g 
rock] 
HI 
[mg HC/g] 
OI 
[mg CO2/g] 
PI 
K_58 197.10 197.11 71.64 447 1.71 117.47 0.30 163.97 0.42 0.01
K_59 197.11 197.13 72.66 445 2.42 140.20 9.59 192.95 13.20 0.02
K_60 197.13 197.14 71.46 445 1.56 106.07 4.50 148.43 6.30 0.01
K_61 197.14 197.16 70.98 443 1.50 113.80 4.20 160.33 5.92 0.01
K_62 197.16 197.18 76.33 435 2.80 171.10 5.10 224.16 6.68 0.02
K_63 197.18 197.20 68.50 449 1.78 104.35 3.56 152.34 5.20 0.02
K_64 197.20 197.21 70.12 443 2.00 116.60 0.90 166.29 1.28 0.02
K_65 197.21 197.32 49.22 450 1.41 92.92 4.04 188.79 8.21 0.01
K_66 197.32 197.34 34.26 434 2.25 81.55 0.90 238.03 2.63 0.03
K_67 197.34 197.36 13.16 447 0.49 27.58 0.89 209.57 6.76 0.02
K_68 197.36 197.37 15.66 - - - - - - - 
K_69 197.37 197.39 22.40 442 1.83 45.89 2.72 204.87 12.14 0.04
K_70 197.39 197.40 11.79 445 0.37 26.44 0.51 224.26 4.33 0.01
K_71 197.40 197.42 8.84 - - - - - - - 
K_72 197.42 197.46 33.39 445 1.43 71.93 4.00 215.42 11.98 0.02
K_73 197.46 197.49 30.79 447 0.98 54.97 0.14 178.53 0.45 0.02
K_74 197.49 197.51 30.23 446 1.10 48.85 0.10 161.59 0.33 0.02
K_75 197.51 197.53 17.59 431 1.27 32.20 0.37 183.06 2.10 0.04
K_76 197.53 197.55 12.05 443 0.39 23.00 0.41 190.87 3.40 0.02
K_77 197.55 197.58 17.21 444 0.55 39.16 1.87 227.54 10.87 0.01
K_78 197.58 197.62 34.39 438 1.50 91.65 2.30 266.50 6.69 0.02
K_79 197.62 197.64 57.02 446 1.50 88.10 3.50 154.51 6.14 0.02
K_80 197.64 197.66 57.91 447 1.80 74.60 1.10 128.82 1.90 0.02
K_81 197.66 197.68 61.98 447 2.20 104.40 3.20 168.44 5.16 0.02
K_82 197.68 197.71 54.25 442 2.07 84.65 6.03 156.04 11.12 0.02
K_83 197.71 197.79 45.76 448 1.30 67.00 4.50 146.42 9.83 0.02
K_84 197.79 197.81 55.05 446 1.98 93.56 2.67 169.95 4.85 0.02
K_85 197.81 197.83 15.14 450 0.26 27.78 2.02 183.49 13.34 0.01
K_86 197.83 197.85 7.89 442 0.25 11.43 0.35 144.92 4.44 0.02
K_87 197.85 197.88 10.82 435 0.49 13.69 0.00 126.52 0.00 0.03
K_88 197.88 197.91 12.20 438 0.59 17.93 0.88 146.97 7.21 0.03
K_89 197.91 197.95 19.03 439 1.20 40.51 0.47 212.87 2.47 0.03
K_90 197.95 197.96 19.47 450 0.92 33.60 1.38 172.57 7.09 0.03
K_91 197.96 198.01 6.97 - - - - - - - 
K_92 198.11 198.14 0.52 456 0.04 0.50 0.00 95.46 0.00 0.07
K_93 198.24 198.26 0.81 442 0.08 1.02 0.15 126.00 18.53 0.07
K_94 198.36 198.38 0.82 439 0.09 0.94 0.49 114.65 59.76 0.09
K_95a 198.47 198.50 1.12 448 0.08 0.85 0.25 75.69 22.26 0.09
K_95b 198.50 198.53 1.12 - - - - - - - 
K_95c 198.53 198.56 1.12 - - - - - - - 
K_96 198.91 198.93 0.83 453 0.07 0.43 0.65 51.91 78.46 0.14
K_97 199.28 199.30 1.12 446 0.09 1.16 0.58 103.29 51.65 0.07
K_98 199.41 199.43 0.63 457 0.07 0.32 0.53 50.91 84.31 0.18
K_99 199.78 199.80 1.05 443 0.12 1.14 0.40 108.67 38.13 0.10
K_100 200.40 200.41 1.39 442 0.12 1.21 1.44 87.24 103.82 0.09
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sample top [m] 
bottom 
[m] 
TOC 
[wt-%] 
Tmax 
[°C] 
S1 
[mg HC/g 
rock] 
S2 
[mg HC/g 
rock] 
S3 
[mg CO2/g 
rock] 
HI 
[mg HC/g] 
OI 
[mg CO2/g] 
PI 
K_58 197.10 197.11 - - - - - - - - 
K_59 197.11 197.13 - - - - - - - - 
K_60 197.13 197.14 - - - - - - - - 
K_61 197.14 197.16 - - - - - - - - 
K_62 197.16 197.18 - - - - - - - - 
K_63 197.18 197.20 - - - - - - - - 
K_64 197.20 197.21 - - - - - - - - 
K_65 197.21 197.32 - - - - - - - - 
K_66 197.32 197.34 - - - - - - - - 
K_67 197.34 197.36 22.14 432 1.33 23.06 0.89 104.16 4.02 0.05
K_68 197.36 197.37 - - - - - - - - 
K_69 197.37 197.39 - - - - - - - - 
K_70 197.39 197.40 17.48 432 1.25 28.51 0.95 163.10 5.43 0.04
K_71 197.40 197.42 - - - - - - - - 
K_72 197.42 197.46 - - - - - - - - 
K_73 197.46 197.49 - - - - - - - - 
K_74 197.49 197.51 - - - - - - - - 
K_75 197.51 197.53 - - - - - - - - 
K_76 197.53 197.55 - - - - - - - - 
K_77 197.55 197.58 - - - - - - - - 
K_78 197.58 197.62 - - - - - - - - 
K_79 197.62 197.64 - - - - - - - - 
K_80 197.64 197.66 - - - - - - - - 
K_81 197.66 197.68 - - - - - - - - 
K_82 197.68 197.71 - - - - - - - - 
K_83 197.71 197.79 - - - - - - - - 
K_84 197.79 197.81 - - - - - - - - 
K_85 197.81 197.83 - - - - - - - - 
K_86 197.83 197.85 - - - - - - - - 
K_87 197.85 197.88 - - - - - - - - 
K_88 197.88 197.91 - - - - - - - - 
K_89 197.91 197.95 - - - - - - - - 
K_90 197.95 197.96 - - - - - - - - 
K_91 197.96 198.01 10.56 431 0.85 10.25 0.85 97.06 8.05 0.08
K_92 198.11 198.14 - - - - - - - - 
K_93 198.24 198.26 - - - - - - - - 
K_94 198.36 198.38 - - - - - - - - 
K_95a 198.47 198.50 - - - - - - - - 
K_95b 198.50 198.53 - - - - - - - - 
K_95c 198.53 198.56 - - - - - - - - 
K_96 198.91 198.93 2.22 441 0.22 0.95 1.27 42.85 57.28 0.19
K_97 199.28 199.30 3.44 - - - - - - - 
K_98 199.41 199.43 1.25 - - - - - - - 
K_99 199.78 199.80 3.91 - - - - - - - 
K_100 200.40 200.41 3.44 - - - - - - - 
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Table C-4d: Seam M sequence: TOC and rock eval values of sediment samples 
 
sample top [m] 
bottom 
[m] 
TOC 
[wt-%] 
Tmax 
[°C] 
S1 
[mg HC/g 
rock] 
S2 
[mg HC/g 
rock] 
S3 
[mg CO2/g 
rock] 
HI 
[mg HC/g] 
OI 
[mg CO2/g] 
PI 
M_1 201.00 201.03 1.91 439 0.19 1.34 1.74 70.19 91.15 0.12
M_2 201.32 201.34 1.98 439 0.12 1.35 3.32 68.25 167.85 0.08
M_3 201.64 201.67 1.67 438 0.13 1.34 2.18 80.14 130.38 0.09
M_4 201.98 202.01 1.95 439 0.10 1.23 2.86 63.21 146.97 0.08
M_5 202.29 202.33 1.61 442 0.10 0.90 1.14 56.04 70.98 0.10
M_6 202.43 202.46 2.45 443 0.10 0.85 2.63 34.75 107.52 0.11
M_7 202.46 202.49 3.54 445 0.10 1.13 6.63 31.97 187.55 0.08
M_8 202.49 202.52 3.35 444 0.20 2.51 2.75 74.97 82.14 0.07
M_9 202.52 202.54 - - - - - - - - 
M_10 202.54 202.56 2.74 443 0.21 3.14 0.15 114.81 5.48 0.06
M_11 202.56 202.60 5.42 437 0.44 9.08 0.21 167.65 3.88 0.05
M_12 202.60 202.65 76.07 440 3.22 147.50 3.02 193.90 3.97 0.02
M_13 202.65 202.70 75.64 445 2.06 173.50 2.98 229.38 3.94 0.01
M_14 202.70 202.73 79.12 443 2.76 151.38 2.23 191.33 2.82 0.02
M_15 202.73 202.76 80.52 444 3.50 172.60 4.60 214.36 5.71 0.02
M_16 202.76 202.79 81.17 446 3.06 164.08 6.32 202.14 7.79 0.02
M_17 202.79 202.84 80.82 445 2.52 161.55 3.78 199.89 4.68 0.02
M_18 202.84 202.87 75.85 440 3.40 193.70 4.70 255.37 6.20 0.02
M_19 202.87 202.89 65.45 440 3.39 137.66 5.33 210.33 8.14 0.02
M_20 202.89 202.91 8.81 440 0.29 15.71 1.09 178.38 12.38 0.02
M_21 202.91 202.94 3.96 446 0.22 3.74 0.30 94.54 7.58 0.06
M_22 202.94 202.98 2.87 438 0.21 1.63 0.22 56.77 7.66 0.11
M_23 202.98 203.02 0.96 439 0.07 0.67 0.37 69.84 38.57 0.09
M_24 203.02 203.06 1.15 440 0.09 1.00 0.24 86.73 20.82 0.08
M_25 203.44 203.46 1.50 440 0.07 0.60 1.52 40.05 101.47 0.10
M_26 203.56 203.60 4.35 438 0.49 6.87 0.13 158.08 2.99 0.07
M_27 203.98 204.02 3.05 438 0.15 0.77 7.99 25.25 261.97 0.16
M_28 204.41 204.46 1.20 437 0.42 0.65 1.52 54.08 126.46 0.39
M_29 204.57 204.59 3.27 435 0.43 3.74 1.32 114.48 40.40 0.10
M_30 204.59 204.61 10.87 438 1.73 16.43 0.51 151.15 4.69 0.10
M_31 204.61 204.65 6.72 432 0.87 11.64 1.17 173.27 17.42 0.07
M_32 204.76 204.80 2.31 438 0.20 2.23 1.31 96.75 56.83 0.08
M_33 205.14 205.15 1.86 435 0.19 1.66 1.88 89.10 100.91 0.10
M_34 205.38 205.41 1.89 438 0.20 1.61 1.12 85.37 59.38 0.11
M_35 205.69 205.71 2.36 432 0.40 4.31 0.00 182.40 0.00 0.08
M_36 206.17 206.21 1.12 439 0.10 0.81 1.04 72.45 93.02 0.11
M_37 206.94 206.96 1.23 437 0.11 1.03 2.19 83.54 177.62 0.10
M_38 207.91 207.95 2.03 440 0.37 1.71 1.80 84.32 88.76 0.18
M_39 208.74 208.76 1.56 434 0.19 1.26 2.02 80.98 129.82 0.13
M_40 209.56 209.59 2.02 438 0.16 0.99 1.59 49.03 78.75 0.14
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Table C-4d (cont.): Seam M sequence: TOC and rock eval values of kerogen concentrates 
 
sample top [m] 
bottom 
[m] 
TOC 
[wt-%] 
Tmax 
[°C] 
S1 
[mg HC/g 
rock] 
S2 
[mg HC/g 
rock] 
S3 
[mg CO2/g 
rock] 
HI 
[mg HC/g] 
OI 
[mg CO2/g] 
PI 
M_1 201.00 201.03 3.09 433 0.21 1.53 0.07 49.45 2.26 0.12
M_2 201.32 201.34 3.02 449 0.21 1.52 0.32 50.41 10.61 0.12
M_3 201.64 201.67 4.02 - - - - - - - 
M_4 201.98 202.01 2.63 450 0.15 1.47 0.91 55.89 34.60 0.09
M_5 202.29 202.33 2.39 439 0.14 1.04 0.51 43.48 21.32 0.12
M_6 202.43 202.46 - - - - - - - - 
M_7 202.46 202.49 7.18 451 0.30 4.31 0.80 60.07 11.15 0.07
M_8 202.49 202.52 - - - - - - - - 
M_9 202.52 202.54 - - - - - - - - 
M_10 202.54 202.56 - - - - - - - - 
M_11 202.56 202.60 26.29 432 1.39 24.13 11.44 91.78 43.51 0.05
M_12 202.60 202.65 - - - - - - - - 
M_13 202.65 202.70 - - - - - - - - 
M_14 202.70 202.73 - - - - - - - - 
M_15 202.73 202.76 - - - - - - - - 
M_16 202.76 202.79 - - - - - - - - 
M_17 202.79 202.84 - - - - - - - - 
M_18 202.84 202.87 - - - - - - - - 
M_19 202.87 202.89 - - - - - - - - 
M_20 202.89 202.91 34.12 433 1.78 40.09 9.03 117.50 26.47 0.04
M_21 202.91 202.94 20.14 425 0.75 11.50 0.60 57.10 2.98 0.06
M_22 202.94 202.98 - - - - - - - - 
M_23 202.98 203.02 - - - - - - - - 
M_24 203.02 203.06 - - - - - - - - 
M_25 203.44 203.46 - - - - - - - - 
M_26 203.56 203.60 - - - - - - - - 
M_27 203.98 204.02 2.85 - - - - - - - 
M_28 204.41 204.46 - - - - - - - - 
M_29 204.57 204.59 15.39 - - - - - - - 
M_30 204.59 204.61 40.92 435 2.47 47.92 14.35 117.11 35.07 0.05
M_31 204.61 204.65 - - - - - - - - 
M_32 204.76 204.80 11.48 433 0.69 12.21 1.22 106.36 10.63 0.05
M_33 205.14 205.15 7.22 436 0.47 5.71 0.89 79.14 12.34 0.08
M_34 205.38 205.41 2.61 - - - - - - - 
M_35 205.69 205.71 10.47 421 1.34 11.91 1.58 113.75 15.09 0.10
M_36 206.17 206.21 4.43 442 0.39 3.23 2.45 72.90 55.29 0.11
M_37 206.94 206.96 2.64 443 0.23 1.67 2.86 63.19 108.21 0.12
M_38 207.91 207.95 3.74 438 0.35 2.63 0.33 70.26 8.82 0.12
M_39 208.74 208.76 5.29 - - - - - - - 
M_40 209.56 209.59 3.17 433 0.27 2.19 0.26 69.11 8.20 0.11
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Table C-4e: Seam P sequence: TOC and rock eval values of sediment samples 
 
sample top [m] 
bottom 
[m] 
TOC 
[wt-%] 
Tmax 
[°C] 
S1 
[mg HC/g 
rock] 
S2 
[mg HC/g 
rock] 
S3 
[mg CO2/g 
rock] 
HI 
[mg HC/g] 
OI 
[mg CO2/g] 
PI 
P_1 15.20 15.23 0.40 434 0.19 1.53 1.77 378.71 438.12 0.11
P_2 15.43 15.49 1.71 436 0.12 1.50 1.68 87.87 98.42 0.07
P_4 15.90 15.97 2.35 435 0.13 1.88 3.82 80.14 162.83 0.06
P_6 16.43 16.50 1.95 438 0.13 1.39 2.36 71.39 121.21 0.09
P_8 16.94 16.97 1.95 438 0.16 1.36 1.88 69.67 96.31 0.11
P_10 17.41 17.46 1.62 436 0.07 1.13 1.92 69.97 118.89 0.06
P_13 17.56 17.59 1.09 436 0.15 1.07 2.25 98.26 206.61 0.12
P_14 17.59 17.66 - - - - - - - - 
P_15 17.66 17.72 71.35 - - - - - - - 
P_17 17.76 17.80 11.36 434 0.15 29.44 0.68 259.15 5.99 0.01
P_18 17.80 17.84 70.11 431 2.94 177.35 6.96 252.96 9.93 0.02
P_20 17.91 18.00 76.97 432 6.37 216.47 4.11 281.24 5.34 0.03
P_22 18.05 18.08 66.81 430 2.90 191.10 3.70 286.04 5.54 0.01
P_24 18.13 18.18 48.83 427 5.14 171.94 6.50 352.12 13.31 0.03
P_25 18.18 18.22 48.39 - - - - - - - 
P_27 18.30 18.37 66.02 429 2.80 145.10 5.00 219.78 7.57 0.02
P_29 18.41 18.47 78.75 431 6.79 191.65 5.04 243.37 6.40 0.03
P_32 18.58 18.62 77.56 430 5.10 194.50 3.50 250.77 4.51 0.03
P_35 18.70 18.76 77.20 433 5.60 182.70 5.60 236.66 7.25 0.03
P_38 18.85 18.91 74.59 429 3.80 190.20 0.00 254.99 0.00 0.02
P_39 18.91 18.94 13.22 436 0.73 32.69 0.00 247.28 0.00 0.02
P_41 18.98 19.01 0.75 442 0.04 0.83 0.00 110.45 0.00 0.05
P_43 19.15 19.18 1.07 437 0.08 1.41 0.39 131.28 36.31 0.05
P_45 19.55 19.59 10.76 425 1.03 16.86 2.93 156.69 27.23 0.06
P_48 20.41 20.44 1.37 433 0.09 1.03 1.60 75.40 117.13 0.08
P_50 21.18 21.24 1.73 437 0.10 1.18 1.54 68.29 89.12 0.08
P_52 21.96 21.99 1.46 436 0.12 1.05 1.12 71.92 76.71 0.10
P_54 22.70 22.77 1.27 434 0.09 0.94 0.75 74.25 59.24 0.09
P_57 23.57 23.60 1.95 - - - - - - - 
P_59 24.23 24.25 1.98 435 0.15 1.55 1.93 78.40 97.62 0.09
P_61 25.32 25.39 1.72 437 0.12 0.97 1.54 56.33 89.43 0.11
P_63 26.35 26.41 1.70 437 0.13 1.35 1.32 79.51 77.74 0.09
P_65 27.20 27.25 1.32 436 0.08 0.47 1.68 35.66 127.47 0.15
P_67 28.14 28.17 1.71 437 0.10 1.13 1.81 66.28 106.16 0.08
P_70 29.24 29.26 1.56 431 0.09 0.93 2.34 59.77 150.39 0.09
P_71 29.56 29.60 1.40 431 0.10 1.27 0.00 90.91 0.00 0.07
P_72 29.80 29.83 1.25 441 0.10 0.62 1.36 49.64 108.89 0.14
P_74 29.86 29.88 1.12 430 0.05 1.24 0.21 110.52 18.72 0.04
P_75 29.88 29.90 7.83 - - - - - - - 
P_76 29.90 29.94 78.57 427 7.87 218.38 2.92 277.94 3.72 0.03
P_78 30.00 30.06 77.31 426 5.96 199.13 2.40 257.57 3.10 0.03
P_81 30.15 30.19 80.54 458 0.10 0.10 0.00 0.12 0.00 0.50
P_85 30.29 30.34 80.24 - - - - - - - 
P_88 30.48 30.53 80.53 431 5.09 205.67 5.48 255.40 6.80 0.02
P_89 30.53 30.58 30.96 436 0.90 48.68 1.36 157.24 4.39 0.02
P_90 30.58 30.62 76.35 432 6.01 206.99 3.49 271.11 4.57 0.03
P_92 30.70 30.77 77.63 436 5.40 199.10 3.60 256.47 4.64 0.03
P_94 30.82 30.87 53.73 434 1.45 110.58 5.92 205.81 11.02 0.01
P_95 30.87 30.90 16.41 433 0.64 38.89 0.05 236.99 0.30 0.02
P_96 30.90 30.95 49.83 429 2.42 109.22 3.68 219.19 7.39 0.02
P_97 30.95 30.97 6.01 442 0.18 12.99 0.63 216.28 10.49 0.01
P_98 30.97 31.03 0.92 434 0.15 1.08 1.37 117.09 148.53 0.12
P_99 31.25 31.29 0.46 435 0.14 1.22 0.00 266.72 0.00 0.10
P_101 31.79 31.86 0.65 461 0.05 0.51 0.09 78.85 13.91 0.09
P_104 32.66 32.69 1.16 441 0.04 0.55 1.72 47.33 148.02 0.07
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Table C-4e (cont.): Seam P sequence: TOC and rock eval values of kerogen concentrates 
 
sample top [m] 
bottom 
[m] 
TOC 
[wt-%] 
Tmax 
[°C] 
S1 
[mg HC/g 
rock] 
S2 
[mg HC/g 
rock] 
S3 
[mg CO2/g 
rock] 
HI 
[mg HC/g] 
OI 
[mg CO2/g] 
PI 
P_1 15.20 15.23 - - - - - - - - 
P_2 15.43 15.49 - - - - - - - - 
P_4 15.90 15.97 - - - - - - - - 
P_6 16.43 16.50 - - - - - - - - 
P_8 16.94 16.97 - - - - - - - - 
P_10 17.41 17.46 - - - - - - - - 
P_13 17.56 17.59 - - - - - - - - 
P_14 17.59 17.66 - - - - - - - - 
P_15 17.66 17.72 - - - - - - - - 
P_17 17.76 17.80 - - - - - - - - 
P_18 17.80 17.84 - - - - - - - - 
P_20 17.91 18.00 - - - - - - - - 
P_22 18.05 18.08 - - - - - - - - 
P_24 18.13 18.18 - - - - - - - - 
P_25 18.18 18.22 - - - - - - - - 
P_27 18.30 18.37 - - - - - - - - 
P_29 18.41 18.47 - - - - - - - - 
P_32 18.58 18.62 - - - - - - - - 
P_35 18.70 18.76 - - - - - - - - 
P_38 18.85 18.91 - - - - - - - - 
P_39 18.91 18.94 36.71 431 3.03 52.22 1.06 142.25 2.89 0.05
P_41 18.98 19.01 3.11 - - - - - - - 
P_43 19.15 19.18 - - - - - - - - 
P_45 19.55 19.59 10.60 429 0.92 10.12 1.14 95.47 10.75 0.08
P_48 20.41 20.44 2.99 434 0.62 1.36 0.99 45.55 33.15 0.31
P_50 21.18 21.24 3.92 - - - - 1,161.40 66.80 0.06
P_52 21.96 21.99 - - - - - - - - 
P_54 22.70 22.77 2.43 434 0.18 11.00 0.58 452.86 23.88 0.02
P_57 23.57 23.60 5.56 438 0.37 4.46 0.63 80.17 11.32 0.08
P_59 24.23 24.25 4.16 435 0.28 2.03 0.35 48.79 8.41 0.12
P_61 25.32 25.39 2.65 438 0.17 1.43 0.81 53.96 30.57 0.11
P_63 26.35 26.41 - - - - - - - - 
P_65 27.20 27.25 1.51 446 0.08 0.72 0.22 47.56 14.53 0.10
P_67 28.14 28.17 - - - - - - - - 
P_70 29.24 29.26 0.53 438 0.47 1.84 0.50 349.15 94.88 0.20
P_71 29.56 29.60 - - - - - - - - 
P_72 29.80 29.83 - - - - - - - - 
P_74 29.86 29.88 - - - - - - - - 
P_75 29.88 29.90 18.48 426 1.78 32.21 2.47 174.30 13.37 0.05
P_76 29.90 29.94 - - - - - - - - 
P_78 30.00 30.06 - - - - - - - - 
P_81 30.15 30.19 - - - - - - - - 
P_85 30.29 30.34 - - - - - - - - 
P_88 30.48 30.53 - - - - - - - - 
P_89 30.53 30.58 - - - - - - - - 
P_90 30.58 30.62 - - - - - - - - 
P_92 30.70 30.77 - - - - - - - - 
P_94 30.82 30.87 - - - - - - - - 
P_95 30.87 30.90 51.11 434 3.50 74.80 6.10 146.35 11.94 0.04
P_96 30.90 30.95 - - - - - - - - 
P_97 30.95 30.97 13.17 427 1.12 18.57 2.97 141.00 22.55 0.06
P_98 30.97 31.03 - - - - - - - - 
P_99 31.25 31.29 - - - - - - - - 
P_101 31.79 31.86 - - - - - - - - 
P_104 32.66 32.69 2.00 442 0.35 0.96 0.71 48.12 35.59 0.27
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sample top [m] 
bottom 
[m] 
TOC 
[wt-%] 
Tmax 
[°C] 
S1 
[mg HC/g 
rock] 
S2 
[mg HC/g 
rock] 
S3 
[mg CO2/g 
rock] 
HI 
[mg HC/g] 
OI 
[mg CO2/g] 
PI 
P_106 33.20 33.25 0.89 457 0.04 0.37 1.15 41.48 128.91 0.10
P_109 33.56 33.59 2.21 480 0.06 0.51 4.40 23.05 198.83 0.11
P_111 33.95 33.99 3.20 440 0.23 7.01 0.22 218.86 6.87 0.03
P_112 34.16 34.20 18.85 436 1.13 43.49 0.00 230.72 0.00 0.03
P_113 34.20 34.23 16.63 430 1.34 37.56 0.49 225.86 2.95 0.03
P_114 34.23 34.25 16.18 433 1.03 36.98 0.00 228.55 0.00 0.03
P_115 34.25 34.29 42.56 426 5.55 95.05 3.53 223.33 8.29 0.06
P_116 34.29 34.33 47.67 433 3.90 125.90 5.42 264.11 11.37 0.03
P_117 34.33 34.39 13.33 431 1.34 30.06 1.46 225.51 10.95 0.04
P_118 34.53 34.55 0.78 436 0.07 0.85 0.14 108.86 17.93 0.08
P_120 34.78 34.81 1.46 437 0.12 1.33 0.91 90.91 62.20 0.08
P_122 35.34 35.40 1.52 438 0.10 0.92 2.14 60.49 140.70 0.10
P_124 35.94 35.99 1.18 442 0.05 0.56 1.71 47.34 144.55 0.08
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sample top [m] 
bottom 
[m] 
TOC 
[wt-%] 
Tmax 
[°C] 
S1 
[mg HC/g 
rock] 
S2 
[mg HC/g 
rock] 
S3 
[mg CO2/g 
rock] 
HI 
[mg HC/g] 
OI 
[mg CO2/g] 
PI 
P_106 33.20 33.25 - - - - - - - - 
P_109 33.56 33.59 - - - - - - - - 
P_111 33.95 33.99 12.36 423 1.36 15.45 1.13 125.00 9.14 0.08
P_112 34.16 34.20 - - - - - - - - 
P_113 34.20 34.23 - - - - - - - - 
P_114 34.23 34.25 36.86 427 8.05 65.32 4.77 177.21 12.94 0.11
P_115 34.25 34.29 - - - - - - - - 
P_116 34.29 34.33 - - - - - - - - 
P_117 34.33 34.39 16.62 427 4.97 32.19 1.51 193.68 9.09 0.13
P_118 34.53 34.55 2.16 456 0.28 1.09 0.23 50.39 10.63 0.20
P_120 34.78 34.81 - - - - - - - - 
P_122 35.34 35.40 - - - - - - - - 
P_124 35.94 35.99 2.23 440 0.17 1.31 0.38 58.64 17.01 0.11
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Table C-4f: Seam V sequence: TOC and rock eval values of sediment samples 
 
sample top [m] 
bottom 
[m] 
TOC 
[wt-%] 
Tmax 
[°C] 
S1 
[mg HC/g 
rock] 
S2 
[mg HC/g 
rock] 
S3 
[mg CO2/g 
rock] 
HI 
[mg HC/g] 
OI 
[mg CO2/g] 
PI 
V_1 20.70 20.73 0.35 548 0.05 0.20 0.90 57.27 257.73 0.20
V_5 21.61 21.65 0.21 524 0.05 0.60 0.62 285.17 294.68 0.08
V_9 22.52 22.55 1.19 440 0.04 0.96 0.93 80.47 77.95 0.04
V_10 22.74 22.76 0.74 437 0.05 0.29 0.87 39.30 117.90 0.15
V_12 23.03 23.09 0.18 545 0.05 0.05 0.46 28.44 261.66 0.50
V_13 23.29 23.31 0.21 492 0.04 0.11 1.18 51.81 555.82 0.27
V_17 23.88 23.91 1.28 438 0.10 0.44 2.64 34.35 206.09 0.19
V_21 24.81 24.84 0.49 540 0.02 0.12 2.89 24.41 587.76 0.14
V_25 25.83 25.86 0.61 539 0.05 0.24 2.26 39.33 370.37 0.17
V_29 26.73 26.75 0.42 475 0.04 0.04 1.56 9.57 373.12 0.50
V_30 26.91 26.94 0.89 435 0.05 0.53 1.13 59.23 126.29 0.09
V_31 26.99 27.01 0.38 544 0.04 0.14 0.96 37.01 253.77 0.22
V_32 27.07 27.13 4.42 433 0.13 5.40 2.45 122.17 55.43 0.02
V_33 27.35 27.37 0.19 - - - - - - - 
V_38 28.55 28.58 1.03 425 0.10 1.19 0.74 115.31 71.71 0.08
V_39 28.76 28.79 0.31 541 0.04 0.20 0.93 65.25 303.43 0.17
V_42 29.59 29.62 0.22 537 0.04 0.11 0.44 50.78 203.14 0.27
V_45 30.38 30.41 0.23 532 0.02 0.30 0.85 132.22 374.61 0.06
V_47 30.89 30.93 0.34 531 0.04 0.33 2.12 96.83 622.07 0.11
V_49 31.57 31.63 1.38 432 0.04 0.81 3.07 58.61 222.14 0.05
V_54 32.89 32.92 0.37 542 0.05 0.56 1.08 149.65 288.62 0.08
V_55 32.92 32.96 58.46 - - - - - - - 
V_56 32.96 33.00 5.07 431 0.21 7.24 1.02 142.89 20.13 0.03
V_58 33.25 33.35 1.52 433 0.06 1.82 1.49 119.74 98.03 0.03
V_59 33.35 33.43 73.01 - - - - - - - 
V_60 33.43 33.46 76.31 - - - - - - - 
V_61 33.46 33.48 77.76 - - - - - - - 
V_62 33.48 33.51 73.14 - - - - - - - 
V_63 33.51 33.55 77.49 - - - - - - - 
V_64 33.55 33.67 76.34 436 4.30 203.90 3.40 267.09 4.45 0.02
V_65 33.67 33.68 49.64 - - - - - - - 
V_66 33.68 33.71 74.02 437 2.80 150.40 2.40 203.19 3.24 0.02
V_67 33.71 33.76 63.46 - - - - - - - 
V_68 33.76 33.78 77.63 - - - - - - - 
V_69 33.78 33.88 78.30 - - - - - - - 
V_70 33.88 33.98 79.50 - - - - - - - 
V_71 33.98 34.08 80.23 434 4.07 217.86 4.66 271.54 5.81 0.02
V_72 34.08 34.15 79.79 436 4.90 244.31 4.41 306.19 5.53 0.02
V_73 34.15 34.23 3.40 - - - - - - - 
V_74 34.23 34.26 3.30 436 0.08 2.51 0.35 76.06 10.61 0.03
V_75 34.26 34.30 3.34 - - - - - - - 
V_76 34.30 34.35 4.76 432 0.12 12.95 0.68 271.89 14.28 0.01
V_77 34.35 34.38 16.84 - - - - - - - 
V_78 34.38 34.40 50.71 - - - - - - - 
V_79 34.40 34.44 36.57 - - - - - - - 
V_80 34.44 34.54 51.79 436 2.35 95.88 0.00 185.13 0.00 0.02
V_81 34.54 34.56 29.53 - - - - - - - 
V_82 34.56 34.57 8.86 434 0.25 17.02 1.10 192.08 12.41 0.01
V_83 34.57 34.59 3.03 439 0.10 4.98 0.67 164.41 22.12 0.02
V_84 34.59 34.60 1.92 440 0.06 2.67 0.00 138.77 0.00 0.02
V_85 34.60 34.65 1.12 448 0.08 1.39 0.76 124.22 67.92 0.05
V_86 34.65 34.79 0.87 440 0.09 0.89 0.49 102.42 56.39 0.09
V_87 34.79 34.81 3.24 440 0.04 4.57 0.12 140.96 3.70 0.01
V_89 34.85 34.88 6.46 441 0.09 5.79 5.02 89.68 77.76 0.02
V_90 34.88 34.92 2.96 439 0.08 4.89 0.75 165.15 25.33 0.02
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Table C-4f (cont.): Seam V sequence: TOC and rock eval values of kerogen concentrates 
 
sample top [m] 
bottom 
[m] 
TOC 
[wt-%] 
Tmax 
[°C] 
S1 
[mg HC/g 
rock] 
S2 
[mg HC/g 
rock] 
S3 
[mg CO2/g 
rock] 
HI 
[mg HC/g] 
OI 
[mg CO2/g] 
PI 
V_1 20.70 20.73 - - - - - - - - 
V_5 21.61 21.65 - - - - - - - - 
V_9 22.52 22.55 - - - - - - - - 
V_10 22.74 22.76 - - - - - - - - 
V_12 23.03 23.09 - - - - - - - - 
V_13 23.29 23.31 - - - - - - - - 
V_17 23.88 23.91 3.23 - - - - - - - 
V_21 24.81 24.84 - - - - - - - - 
V_25 25.83 25.86 0.47 427 0.09 0.41 0.11 87.40 23.45 0.18
V_29 26.73 26.75 - - - - - - - - 
V_30 26.91 26.94 - - - - - - - - 
V_31 26.99 27.01 - - - - - - - - 
V_32 27.07 27.13 47.04 436 1.11 33.03 1.51 70.22 3.21 0.03
V_33 27.35 27.37 - - - - - - - - 
V_38 28.55 28.58 - - - - - - - - 
V_39 28.76 28.79 - - - - - - - - 
V_42 29.59 29.62 - - - - - - - - 
V_45 30.38 30.41 - - - - - - - - 
V_47 30.89 30.93 - - - - - - - - 
V_49 31.57 31.63 - - - - - - - - 
V_54 32.89 32.92 - - - - - - - - 
V_55 32.92 32.96 - - - - - - - - 
V_56 32.96 33.00 - - - - - - - - 
V_58 33.25 33.35 - - - - - - - - 
V_59 33.35 33.43 - - - - - - - - 
V_60 33.43 33.46 - - - - - - - - 
V_61 33.46 33.48 - - - - - - - - 
V_62 33.48 33.51 - - - - - - - - 
V_63 33.51 33.55 - - - - - - - - 
V_64 33.55 33.67 - - - - - - - - 
V_65 33.67 33.68 - - - - - - - - 
V_66 33.68 33.71 - - - - - - - - 
V_67 33.71 33.76 - - - - - - - - 
V_68 33.76 33.78 - - - - - - - - 
V_69 33.78 33.88 - - - - - - - - 
V_70 33.88 33.98 - - - - - - - - 
V_71 33.98 34.08 - - - - - - - - 
V_72 34.08 34.15 - - - - - - - - 
V_73 34.15 34.23 9.60 427 0.42 2.82 1.28 29.38 13.34 0.13
V_74 34.23 34.26 - - - - - - - - 
V_75 34.26 34.30 15.32 419 0.71 12.32 2.57 80.42 16.78 0.05
V_76 34.30 34.35 12.04 418 1.30 21.70 1.40 180.23 11.63 0.06
V_77 34.35 34.38 - - - - - - - - 
V_78 34.38 34.40 - - - - - - - - 
V_79 34.40 34.44 - - - - - - - - 
V_80 34.44 34.54 - - - - - - - - 
V_81 34.54 34.56 49.65 431 3.33 51.71 7.37 104.15 14.84 0.06
V_82 34.56 34.57 - - - - - - - - 
V_83 34.57 34.59 - - - - - - - - 
V_84 34.59 34.60 - - - - - - - - 
V_85 34.60 34.65 - - - - - - - - 
V_86 34.65 34.79 - - - - - - - - 
V_87 34.79 34.81 - - - - - - - - 
V_89 34.85 34.88 24.74 440 0.59 14.12 1.89 57.07 7.64 0.04
V_90 34.88 34.92 11.62 427 0.67 10.77 12.69 92.69 109.21 0.06
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sample top [m] 
bottom 
[m] 
TOC 
[wt-%] 
Tmax 
[°C] 
S1 
[mg HC/g 
rock] 
S2 
[mg HC/g 
rock] 
S3 
[mg CO2/g 
rock] 
HI 
[mg HC/g] 
OI 
[mg 
CO2/g] 
PI 
V_91 34.92 34.96 3.10 - - - - - - - 
V_92 34.96 35.03 75.33 438 1.92 148.62 3.94 197.29 5.23 0.01
V_93 35.03 35.07 38.60 - - - - - - - 
V_94 35.07 35.10 21.73 440 0.53 36.00 0.00 165.67 0.00 0.01
V_96 35.15 35.22 6.77 - - - - - - - 
V_99 35.27 35.32 1.43 437 0.09 2.12 2.52 148.36 176.35 0.04
V_100 35.32 35.34 1.29 439 0.04 1.78 0.87 138.20 67.55 0.02
V_101 35.34 35.37 8.49 435 0.31 13.91 1.16 163.82 13.66 0.02
V_102 35.37 35.45 1.27 439 0.05 1.00 1.32 78.93 104.18 0.05
V_104 35.65 35.67 1.63 433 0.09 1.60 1.63 98.34 100.18 0.05
V_105 35.78 35.87 - - - - - - - - 
V_107 35.94 35.97 2.44 - - - - - - - 
V_108 35.97 36.00 1.38 436 0.10 0.80 2.07 57.97 150.00 0.11
V_110 36.21 36.30 1.44 437 0.07 1.25 2.47 86.69 171.29 0.05
V_112 36.42 36.47 2.41 435 0.45 1.27 3.46 52.76 143.75 0.26
V_117 36.86 36.98 2.44 438 0.05 1.30 4.40 53.24 180.18 0.04
V_118 37.05 37.11 2.93 433 0.10 3.20 3.05 109.22 104.10 0.03
V_119 37.17 37.19 10.53 438 0.39 17.76 0.00 168.66 0.00 0.02
V_120 37.19 37.25 72.54 436 3.50 180.00 0.60 248.14 0.83 0.02
V_121 37.25 37.34 75.23 - - - - - - - 
V_122 37.34 37.43 12.48 - - - - - - - 
V_123 37.43 37.47 63.53 441 2.42 114.04 0.70 179.51 1.10 0.02
V_124 37.47 37.49 8.10 - - - - - - - 
V_125 37.49 37.58 11.40 - - - - - - - 
V_126 37.58 37.61 30.09 444 0.67 41.71 0.52 138.62 1.73 0.02
V_127 37.61 37.65 17.60 - - - - - - - 
V_128 37.65 37.68 5.24 432 0.17 10.99 0.37 209.81 7.06 0.02
V_129 37.68 37.74 2.30 437 0.12 3.95 0.70 172.11 30.50 0.03
V_131 37.81 37.90 1.65 437 0.06 3.57 0.20 215.84 12.09 0.02
V_132 37.90 37.95 4.15 437 0.17 6.50 1.05 156.51 25.28 0.03
V_134 38.00 38.05 1.73 439 0.07 2.83 0.38 163.68 21.98 0.02
V_137 38.13 38.21 1.89 435 0.08 3.72 0.00 196.62 0.00 0.02
V_138 38.21 38.26 0.51 436 0.06 0.78 0.01 151.66 1.94 0.07
V_139 38.36 38.44 1.16 435 0.04 1.23 0.74 106.03 63.79 0.03
V_140 38.44 38.46 2.88 429 0.18 3.69 1.24 128.30 43.12 0.05
V_142 38.70 38.74 0.97 437 0.03 0.70 2.02 72.13 208.14 0.04
V_143 39.02 39.07 0.89 434 0.04 0.67 1.19 75.20 133.57 0.06
V_144 39.34 39.40 0.32 539 0.02 0.09 1.24 27.95 385.09 0.18
V_147 39.89 40.02 0.34 505 0.03 0.14 1.01 41.13 296.71 0.18
V_149 40.61 40.67 0.64 482 0.02 0.24 2.06 37.34 320.52 0.08
V_152 41.28 41.30 0.40 523 0.03 0.07 1.42 17.64 357.77 0.30
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sample top [m] 
bottom 
[m] 
TOC 
[wt-%] 
Tmax 
[°C] 
S1 
[mg HC/g 
rock] 
S2 
[mg HC/g 
rock] 
S3 
[mg CO2/g 
rock] 
HI 
[mg HC/g] 
OI 
[mg 
CO2/g] 
PI 
V_91 34.92 34.96 13.59 423 0.81 14.85 1.98 109.27 14.57 0.05
V_92 34.96 35.03 - - - - - - - - 
V_93 35.03 35.07 - - - - - - - - 
V_94 35.07 35.10 - - - - - - - - 
V_96 35.15 35.22 10.75 432 0.60 9.55 1.65 88.84 15.35 0.06
V_99 35.27 35.32 - - - - - - - - 
V_100 35.32 35.34 - - - - - - - - 
V_101 35.34 35.37 - - - - - - - - 
V_102 35.37 35.45 - - - - - - - - 
V_104 35.65 35.67 - - - - - - - - 
V_105 35.78 35.87 3.65 430 0.32 3.40 0.02 93.20 0.55 0.09
V_107 35.94 35.97 - - - - - - - - 
V_108 35.97 36.00 - - - - - - - - 
V_110 36.21 36.30 - - - - - - - - 
V_112 36.42 36.47 5.21 - - - - - - - 
V_117 36.86 36.98 - - - - - - - - 
V_118 37.05 37.11 - - - - - - - - 
V_119 37.17 37.19 - - - - - - - - 
V_120 37.19 37.25 - - - - - - - - 
V_121 37.25 37.34 - - - - - - - - 
V_122 37.34 37.43 27.20 425 1.24 33.08 6.26 121.62 23.01 0.04
V_123 37.43 37.47 - - - - - - - - 
V_124 37.47 37.49 22.84 431 1.25 25.85 4.10 113.18 17.95 0.05
V_125 37.49 37.58 - - - - - - - - 
V_126 37.58 37.61 - - - - - - - - 
V_127 37.61 37.65 - - - - - - - - 
V_128 37.65 37.68 - - - - - - - - 
V_129 37.68 37.74 - - - - - - - - 
V_131 37.81 37.90 - - - - - - - - 
V_132 37.90 37.95 - - - - - - - - 
V_134 38.00 38.05 - - - - - - - - 
V_137 38.13 38.21 - - - - - - - - 
V_138 38.21 38.26 - - - - - - - - 
V_139 38.36 38.44 - - - - - - - - 
V_140 38.44 38.46 7.64 428 0.47 9.08 0.38 118.82 4.97 0.05
V_142 38.70 38.74 - - - - - - - - 
V_143 39.02 39.07 - - - - - - - - 
V_144 39.34 39.40 - - - - - - - - 
V_147 39.89 40.02 - - - - - - - - 
V_149 40.61 40.67 - - - - - - - - 
V_152 41.28 41.30 - - - - - - - - 
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sample top [m] 
bottom 
[m] 
VRr 
[%] 
D_49 305.93 305.98 0.95
D_50 305.98 306.06 1.04
D_52 306.10 306.15 0.98
D_53 306.15 306.20 0.93
D_54 306.20 306.23 0.95
D_60 306.36 306.38 1.03
D_62 306.46 306.49 1.01
D_69 306.63 306.65 0.98
D_70 306.65 306.67 0.92
D_72 306.70 306.72 0.96
D_74 306.74 306.77 0.94
D_76 306.79 306.80 0.96
D_110 309.78 309.80 1.04
D_113 310.03 310.06 0.94
D_146 314.75 314.79 0.93
 
 
 
sample top [m] 
bottom 
[m] 
VRr 
[%] 
H_9 253.90 253.97 0.96
H_29 257.50 257.53 1.04
H_33 257.76 257.78 1.00
H_36 257.83 257.87 0.94
H_41 257.99 258.02 0.92
H_49 258.29 258.32 0.90
H_55 258.51 258.56 0.92
H_64 258.85 258.88 0.96
H_67 258.95 258.99 0.97
H_74 259.26 259.32 0.92
H_84 260.02 260.05 1.16
H_96 262.19 262.23 1.01
 
 
 
Table C-5a: 
Seam D sequence: VRr values  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table C-5b: 
Seam H sequence: VRr values  
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sample top [m] 
bottom 
[m] 
VRr 
[%] 
K_8 191.79 191.81 0.94
K_12 193.17 193.19 0.93
K_18 194.49 194.52 0.88
K_31 195.89 195.92 0.98
K_40 196.47 196.51 0.98
K_41c 196.54 196.56 0.92
K_43 196.58 196.62 0.82
K_49 196.77 196.79 0.95
K_52 196.83 197.00 0.94
K_53 197.00 197.02 0.84
K_57 197.08 197.10 0.79
K_62 197.16 197.18 0.89
K_64 197.20 197.21 0.87
K_67 197.34 197.36 0.85
K_69 197.37 197.39 0.85
K_80 197.64 197.66 0.88
K_88 197.88 197.91 0.90
K_90 197.95 197.96 0.94
K_91 197.96 198.01 0.92
 
 
 
sample top [m] 
bottom 
[m] 
VRr 
[%] 
M_7 202.46 202.49 1.02
M_8 202.49 202.52 1.05
M_10 202.54 202.56 0.96
M_11 202.56 202.60 0.94
M_12 202.60 202.65 0.94
M_16 202.76 202.79 0.98
M_18 202.84 202.87 0.90
M_19 202.87 202.89 0.93
M_26 203.56 203.60 0.94
M_31 204.61 204.65 0.91
M_34 205.38 205.41 0.88
M_38 207.91 207.95 0.93
 
 
 
Table C-5c: 
Seam K sequence: VRr values  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table C-5d: 
Seam M sequence: VRr values  
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sample top [m] 
bottom 
[m] 
VRr 
[%] 
P_4 15.90 15.97 0.97
P_15 17.66 17.72 0.85
P_22 18.05 18.08 0.79
P_32 18.58 18.62 0.87
P_35 18.70 18.76 0.82
P_39 18.91 18.94 0.80
P_43 19.15 19.18 1.01
P_57 23.57 23.60 0.97
P_67 28.14 28.17 0.95
P_78 30.00 30.06 0.82
P_85 30.29 30.34 0.88
P_90 30.58 30.62 0.90
P_95 30.87 30.90 0.85
P_96 30.90 30.95 0.87
P_111 33.95 33.99 0.88
P_113 34.20 34.23 0.90
P_115 34.25 34.29 0.84
P_116 34.29 34.33 0.85
P_117 34.33 34.39 0.85
P_120 34.78 34.81 1.09
 
 
sample top [m] 
bottom 
[m] 
VRr 
[%] 
V_10 22.74 22.76 0.75
V_32 27.07 27.13 0.80
V_55 32.92 32.96 0.66
V_61 33.46 33.48 0.68
V_66 33.68 33.71 0.80
V_71 33.98 34.08 0.67
V_76 34.30 34.35 0.78
V_79 34.40 34.44 0.78
V_84 34.59 34.60 0.89
V_92 34.96 35.03 0.82
V_94 35.07 35.10 0.79
V_101 35.34 35.37 0.84
V_121 37.25 37.34 0.78
V_125 37.49 37.58 0.78
V_129 37.68 37.74 0.93
V_136 38.12 38.13 0.77
 
 
 
Table C-5e: 
Seam P sequence: VRr values  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table C-5f: 
Seam V sequence: VRr values  
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sample top  [m] 
bottom 
 [m] 
moisture 
content [wt-%]
ash content 
[wt-%] 
D_50 305.98 306.06 0.64 25.73
D_52 306.10 306.15 0.90 44.20
D_56 306.26 306.30 0.95 42.94
D_59 306.34 306.36 1.31 62.86
D_60 306.36 306.38 0.80 25.92
D_61 306.38 306.46 0.48 8.36
D_63 306.49 306.52 0.38 4.95
D_64 306.52 306.55 0.20 7.10
D_65 306.55 306.57 0.66 5.90
D_66 306.57 306.59 0.47 5.27
D_67 306.59 306.61 0.20 6.63
D_68 306.61 306.63 0.50 6.22
D_69 306.63 306.65 0.20 4.24
D_70 306.65 306.67 0.66 31.11
 
 
 
sample top  [m] 
bottom 
 [m] 
moisture 
content [wt-%]
ash content 
[wt-%] 
H_39 257.92 257.99 0.86 6.30
H_41 257.99 258.02 0.99 6.18
H_44 258.09 258.12 0.91 12.31
H_47 258.22 258.25 1.02 6.37
H_49 258.29 258.32 1.07 3.12
H_52 258.41 258.44 0.78 2.61
H_55 258.51 258.56 0.67 2.25
H_58 258.63 258.67 0.82 3.56
H_61 258.75 258.80 0.84 5.67
H_64 258.85 258.88 0.93 4.87
H_67 258.95 258.99 0.84 4.62
H_70 259.08 259.11 0.74 2.86
H_72 259.16 259.22 0.72 6.79
H_74 259.26 259.32 0.80 36.43
 
 
 
Table C-6a: 
 
Seam D sequence: 
moisture content and ash 
content 
 
 
 
 
 
 
 
 
 
 
 
 
Table C-6b: 
 
Seam H sequence: 
moisture content and ash 
content 
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sample top  [m] 
bottom 
 [m] 
moisture 
content [wt-%]
ash content 
[wt-%] 
K_43 196.58 196.62 0.95 6.81
K_44 196.62 196.65 1.39 5.11
K_45a 196.65 196.67 0.43 34.72
K_46 196.69 196.73 1.34 20.60
K_47 196.73 196.75 1.09 7.66
K_48 196.75 196.77 1.20 7.48
K_49 196.77 196.79 1.47 15.34
K_50 196.79 196.81 0.59 6.22
K_51 196.81 196.83 0.72 9.01
K_52 196.83 197.00 1.36 25.04
K_53 197.00 197.02 0.51 12.14
K_54 197.02 197.04 4.66 51.22
K_55 197.04 197.06 1.00 10.99
K_56 197.06 197.08 0.73 11.81
K_57 197.08 197.10 0.92 9.09
K_58 197.10 197.11 0.58 13.35
K_59 197.11 197.13 0.80 12.09
K_60 197.13 197.14 0.64 14.51
K_61 197.14 197.16 0.24 13.63
K_62 197.16 197.18 1.02 6.12
K_63 197.18 197.20 0.35 14.99
K_64 197.20 197.21 0.25 14.80
K_65 197.21 197.32 0.92 36.56
K_66 197.32 197.34 1.53 54.64
K_72 197.42 197.46 1.01 55.86
K_73 197.46 197.49 1.68 59.89
K_74 197.49 197.51 0.73 58.68
K_78 197.58 197.62 0.43 54.71
K_79 197.62 197.64 1.12 28.27
K_80 197.64 197.66 0.41 28.99
K_81 197.66 197.68 0.96 23.12
K_82 197.68 197.71 0.78 34.83
K_83 197.71 197.79 0.76 44.61
K_84 197.79 197.81 0.74 32.34
 
 
 
sample top  [m] 
bottom 
 [m] 
moisture 
content [wt-%]
ash content 
[wt-%] 
M_12 202.60 202.65 0.88 7.39
M_13 202.65 202.70 0.97 9.81
M_14 202.70 202.73 0.81 4.04
M_15 202.73 202.76 0.92 3.36
M_16 202.76 202.79 0.99 2.15
M_17 202.79 202.84 0.71 3.00
M_18 202.84 202.87 0.46 7.65
M_19 202.87 202.89 0.78 20.90
 
 
 
Table C-6c: 
 
Seam K sequence: 
moisture content and ash 
content 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table C-6d: 
 
Seam M sequence: 
moisture content and ash 
content 
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sample top  [m] 
bottom 
 [m] 
moisture 
content [wt-%]
ash content 
[wt-%] 
P_15 17.66 17.72 1.34 11.48
P_18 17.80 17.84 0.97 14.41
P_20 17.91 18.00 1.30 4.45
P_22 18.05 18.08 1.00 18.55
P_24 18.13 18.18 1.30 37.39
P_25 18.18 18.22 1.54 37.46
P_27 18.30 18.37 0.98 19.11
P_29 18.41 18.47 1.01 5.36
P_32 18.58 18.62 0.89 6.22
P_35 18.70 18.76 1.10 5.88
P_38 18.85 18.91 0.85 9.27
P_76 29.90 29.94 1.02 2.96
P_78 30.00 30.06 1.84 4.29
P_81 30.15 30.19 1.38 2.65
P_85 30.29 30.34 1.13 1.36
P_88 30.48 30.53 0.77 2.57
P_89 30.53 30.58 0.54 52.52
P_90 30.58 30.62 1.50 3.62
P_92 30.70 30.77 1.09 7.23
P_94 30.82 30.87 1.49 31.91
P_96 30.90 30.95 1.62 36.76
P_115 34.25 34.29 1.41 43.26
P_116 34.29 34.33 14.94 37.14
 
 
sample top  [m] 
bottom 
 [m] 
moisture 
content [wt-%]
ash content 
[wt-%] 
V_55 32.92 32.96 1.64 26.84
V_59 33.35 33.43 1.85 6.60
V_60 33.43 33.46 1.29 4.73
V_61 33.46 33.48 1.29 1.73
V_62 33.48 33.51 1.76 7.68
V_63 33.51 33.55 1.63 2.59
V_64 33.55 33.67 1.28 5.46
V_65 33.67 33.68 1.62 33.74
V_66 33.68 33.71 1.57 6.52
V_67 33.71 33.76 1.35 18.59
V_68 33.76 33.78 1.54 2.97
V_69 33.78 33.88 1.04 2.74
V_70 33.88 33.98 1.29 2.14
V_71 33.98 34.08 0.97 1.70
V_72 34.08 34.15 0.98 4.32
V_78 34.38 34.40 1.32 31.95
V_79 34.40 34.44 1.22 49.98
V_80 34.44 34.54 1.45 32.54
V_81 34.54 34.56 2.15 59.53
V_92 34.96 35.03 2.37 6.18
V_93 35.03 35.07 1.14 41.01
V_94 35.07 35.10 2.02 67.95
V_120 37.19 37.25 1.37 9.19
V_123 37.43 37.47 1.75 19.08
V_124 37.47 37.49 1.27 56.00
 
 
Table C-6e: 
 
Seam P sequence: 
moisture content and ash 
content 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table C-6f: 
 
Seam V sequence: 
moisture content and ash 
content 
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Table C-7a: Seam D sequence: Complete palynological data set 
 
  D
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D
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9 
D
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D
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0 
D
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2 
D
_5
4 
D
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6 
D
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8 
D
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D
_7
1 
D
_7
2 
D
_7
4 
D
_8
0 
D
_8
1 
D
_8
2 
D
_8
4 
D
_8
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D
_1
00
 
D
_1
08
 
D
_1
18
 
D
_1
34
 
No of genera in each sample 22 20 14 16 18 15 16 26 29 28 23 18  22 19 22 23 20 23 20 26 18 22 24 33 
arborescent Lycopsids                                                 
Crassispora 3.6 0.4 0.4 1.6 2.4 1.2 1.6 1.6 8.8 2.0 3.6 4.8 22.8 19.6 27.2 26.8 34.8 11.6 2.8 2.0 2.8 10.0 6.8 0.8 
Granasporites 1.2 6.4 4.4 4.0 8.8 30.4 34.8 2.0 6.4 4.0 13.6 6.4 0.0 20.4 0.4 1.2 0.4 1.2 0.4 0.4 1.2 0.0 2.4 2.8 
Lycospora 79.2 77.6 84.8 80.0 78.0 61.2 57.6 6.8 12.4 29.2 25.6 45.6 52.8 42.8 54.4 43.2 27.2 58.0 68.8 46.0 80.4 57.6 59.6 31.2 
subarborescent LYCOPSIDS                                                 
Cingulizonates 0.4 0.4 0.0 0.0 0.0 0.0 0.0 5.2 0.0 0.4 0.4 0.0 0.0 1.2 0.0 0.0 0.4 0.0 0.4 1.6 1.2 1.2 3.6 2.4 
Cristatisporites 0.0 0.8 0.4 0.0 0.4 0.4 0.0 10.4 12.8 18.8 0.8 0.0 0.4 0.0 1.2 0.4 0.8 0.4 0.4 0.8 0.0 2.4 1.2 2.4 
Densosporites 0.4 0.0 0.8 0.0 0.4 0.0 0.4 13.6 0.0 0.8 0.0 2.8 1.6 0.4 0.4 0.0 0.0 0.4 0.0 1.6 0.0 0.8 5.6 2.0 
Endosporites 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.8 0.8 2.0 10.8 0.0 0.8 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.8 0.0 
Radiizonates 0.0 0.0 0.0 0.0 0.0 0.0 0.0 30.8 0.4 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.8 0.0 0.0 0.8 2.0 
Vallatisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
herbacious LYCOPSIDS                                                 
Anacanthotriletes 0.4 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.4 0.0 0.0 0.0 0.8 0.4 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 
Cirratriradites 0.4 0.0 0.4 0.0 0.0 0.0 0.0 0.0 2.4 1.2 0.8 0.0 1.6 1.6 0.4 0.4 0.4 1.2 0.0 1.2 0.4 0.4 0.4 2.0 
Tree FERNS                                                 
Punctatosporites 0.4 0.0 0.0 0.0 0.0 0.0 0.0 2.4 1.2 0.0 2.8 1.6 0.4 0.4 0.4 0.0 0.0 0.0 0.0 1.2 0.0 0.0 0.0 0.4 
Raistrickia (climbing Fern) 0.8 0.4 0.4 0.8 0.4 0.0 0.0 0.0 0.8 0.4 1.6 0.0 0.4 0.0 2.0 1.2 0.8 0.8 1.2 4.4 0.0 1.2 0.4 2.8 
Reticulatisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Savitrisporites 0.8 0.8 0.0 0.4 0.0 0.0 0.0 0.0 0.8 0.4 4.4 0.0 0.4 0.0 0.8 0.0 1.2 0.4 0.0 5.2 0.4 1.2 0.0 1.6 
Triquitrites 0.0 0.0 0.4 0.4 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.4 0.8 0.8 0.0 0.0 
Small FERNS                                                 
Apiculatisporites  1.6 3.2 0.0 0.0 0.4 0.0 0.4 0.8 2.4 2.8 3.2 1.2 1.6 2.0 1.6 1.2 1.6 0.4 1.2 0.0 0.4 0.0 0.8 2.4 
Camptotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.4 0.8 0.4 0.4 0.0 0.0 0.0 0.4 0.4 0.0 0.0 0.0 0.0 0.0 0.0 1.2 
Convolutispora 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.8 
Dictyotriletes 0.0 0.4 0.4 0.0 0.0 0.8 0.4 0.4 0.0 0.0 0.0 1.2 0.4 0.0 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.8 
Granulatisporites 0.8 1.2 2.0 3.2 1.2 0.0 0.4 0.4 5.6 2.0 0.8 1.6 2.8 0.8 0.4 0.0 0.4 3.6 2.4 9.6 2.0 4.0 1.6 6.0 
Leiotriletes 3.2 1.2 1.2 1.2 1.6 0.4 0.4 2.4 2.4 0.8 1.2 0.8 2.4 1.2 0.8 1.2 0.0 2.8 4.0 7.6 2.4 4.8 0.8 4.0 
Lophotriletes 2.8 2.0 3.6 2.4 2.4 0.4 0.8 0.4 13.6 8.8 1.6 0.0 1.2 0.0 1.2 1.6 0.8 4.0 4.4 7.2 1.6 4.4 4.4 10.0 
FERNS of different groups                                                 
Cyclogranisporites 0.8 0.4 0.0 0.0 0.8 0.4 0.4 0.8 2.4 0.8 3.6 0.0 0.4 0.4 0.0 0.4 0.4 0.8 0.8 0.4 0.4 1.2 1.2 2.4 
Microreticulatisporites 0.4 0.8 0.0 1.6 0.0 0.0 0.0 0.4 0.8 0.0 0.4 1.6 0.0 0.4 0.0 0.4 0.0 0.0 0.4 0.4 0.0 2.4 0.4 1.6 
Verrucosisporites 0.4 0.0 0.0 0.0 0.0 0.4 0.0 3.6 3.6 1.6 0.0 6.8 0.8 0.4 0.8 0.8 13.2 0.0 0.0 1.6 0.0 0.8 1.6 1.2 
FERNS of unknow affinity                                                 
Acanthotriletes  0.8 0.8 0.0 0.4 0.0 0.0 0.4 1.2 1.2 1.2 0.8 0.0 0.0 0.0 0.0 0.8 0.0 1.6 0.4 0.4 0.8 1.2 0.4 0.4 
Ahrensisporites 0.4 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 
Grumosisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Knoxisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.6 
Mooreisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Pustulatisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 
Reticulitriletes 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.4 0.0 0.4 0.0 0.0 0.0 0.0 0.0 
PTERIDOSPERMS                                                 
Vesicaspora 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.4 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 
Zonalosporites  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
CALAMITES                                                 
Calamospora 0.0 0.4 0.0 0.0 0.4 0.8 0.8 3.6 5.6 6.0 12.4 1.6 4.4 3.6 2.4 12.4 11.2 4.0 5.2 2.0 2.0 1.6 0.8 6.8 
Sphenophylls                                                 
Columinisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Latosporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Laevigatosporites 0.0 0.0 0.4 1.6 0.4 2.0 0.4 7.6 4.0 4.0 2.8 20.0 2.0 0.8 1.2 0.4 0.8 2.0 2.0 2.4 0.4 0.8 3.2 2.4 
Vestispora 0.4 0.4 0.4 0.8 0.8 0.0 0.0 1.2 2.8 0.4 3.2 1.2 0.0 0.0 2.0 1.6 0.4 1.2 0.4 0.0 0.0 0.4 0.8 1.2 
CORDAITES                                                 
Florinites 0.4 1.2 0.0 0.0 0.4 0.4 0.4 1.2 5.2 6.8 3.6 0.4 1.6 1.2 0.8 3.6 3.6 2.8 2.0 0.0 0.8 2.0 0.8 0.8 
CONIFERS                                                 
Pityosporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Potonieisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Wilsonites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
different Plants                                                 
Punctatisporites 0.4 0.8 0.0 0.4 0.4 0.4 0.4 0.8 1.2 1.2 0.0 1.6 0.4 1.6 0.0 0.0 0.8 0.4 1.6 1.2 1.6 0.4 1.2 3.6 
unknown SPORE-affinity                                                 
Adelisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 
Anaplanisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Bellispores 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 
Colatisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Cordylosporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 
Cuneisporites 0.0 0.0 0.0 0.8 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 
Diatomozonotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Dictyomonoletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Discernisporites 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Hymenospora 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.4 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Neoraistrickia 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Perotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 
Reinschospora 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Retispora 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Simozonotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 
Stenozonotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 
Waltzispora 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 
UNKNOWN SPORES 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 
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Table C-7b: Seam H sequence: Complete palynological data set 
 
  H
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3 
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4 
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H
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H
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4 
H
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H
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5 
H
_7
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H
_7
7 
H
_8
1 
H
_8
6 
H
_9
0 
No of genera in each sample 24 20 21 20 22 19 13 15 16 11 20 12 15 14 17 17 16 22 21 
arborescent Lycopsids                                       
Crassispora 6.0 13.2 11.2 3.6 22.8 54.0 5.6 1.6 0.8 10.4 1.6 13.6 4.4 4.8 24.8 3.6 4.0 4.4 11.6 
Granasporites 2.8 2.8 0.4 1.2 15.2 7.6 6.4 6.4 4.0 6.0 5.6 7.2 12.4 6.8 2.0 0.4 2.0 0.8 1.6 
Lycospora 55.2 58.4 62.8 70.8 30.8 20.0 54.0 33.2 82.8 70.8 60.8 62.8 52.8 69.6 56.8 75.6 74.0 62.4 61.2 
subarborescent LYCOPSIDS                                       
Cingulizonates 0.8 0.4 2.8 0.0 1.6 2.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.8 0.8 
Cristatisporites 1.2 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 1.6 0.0 
Densosporites 0.8 2.0 0.4 0.0 1.2 3.2 0.4 0.4 1.2 0.0 0.4 0.8 0.0 0.0 0.0 0.0 0.4 2.4 0.0 
Endosporites 0.8 1.2 0.0 0.0 1.6 0.4 0.0 0.0 0.4 0.0 0.4 0.4 0.0 0.4 0.4 0.8 0.0 0.8 0.4 
Radiizonates 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 
Vallatisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
herbacious LYCOPSIDS                                       
Anacanthotriletes 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Cirratriradites 0.0 0.0 0.0 0.0 0.8 0.4 0.4 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 
Tree FERNS                                       
Punctatosporites 0.0 0.0 0.0 2.4 0.4 0.8 0.4 0.4 0.0 0.8 5.2 0.0 2.0 0.0 0.4 2.4 1.2 0.0 0.0 
Raistrickia (climbing Fern) 2.4 0.8 0.8 0.8 2.0 0.8 0.0 0.0 1.2 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.4 0.0 0.0 
Reticulatisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Savitrisporites 2.4 2.0 1.2 2.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.8 1.6 
Triquitrites 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 
Small FERNS                                       
Apiculatisporites  0.4 0.4 0.4 2.0 0.0 0.8 0.8 0.4 0.4 1.6 1.6 0.0 2.8 1.2 0.8 0.8 0.0 1.2 0.8 
Camptotriletes 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Convolutispora 0.4 0.0 0.0 0.4 0.4 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Dictyotriletes 0.0 0.0 0.4 0.0 1.6 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.4 0.0 0.4 
Granulatisporites 5.2 2.8 7.2 5.2 1.2 0.4 0.4 6.8 0.4 1.6 5.2 1.2 5.2 1.2 0.0 4.8 3.2 4.8 2.8 
Leiotriletes 1.6 3.6 4.4 1.6 1.6 0.4 1.6 1.2 0.8 0.4 3.2 1.2 0.8 3.2 0.0 2.8 4.0 2.0 2.8 
Lophotriletes 0.8 3.6 0.4 2.4 0.0 0.4 0.8 0.0 0.4 0.4 3.2 0.0 2.8 2.0 1.2 0.8 3.2 4.4 2.4 
FERNS of different groups                                       
Cyclogranisporites 3.6 4.0 0.4 0.0 2.8 2.4 1.2 2.4 0.4 1.6 1.2 1.2 0.8 1.6 0.0 0.4 1.2 1.2 1.2 
Microreticulatisporites 0.4 0.0 0.4 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.4 0.0 0.4 
Verrucosisporites 2.4 0.4 0.0 0.4 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.4 0.0 0.0 0.0 
FERNS of unknow affinity                                       
Acanthotriletes  0.8 0.8 1.2 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.8 0.8 0.4 
Ahrensisporites 0.0 0.0 0.4 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.4 
Grumosisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Knoxisporites 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.6 
Mooreisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Pustulatisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Reticulitriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 
PTERIDOSPERMS                                       
Vesicaspora 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Zonalosporites  0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
CALAMITES                                       
Calamospora 1.6 1.2 1.6 1.6 4.4 1.6 1.2 3.2 2.4 0.0 1.6 0.8 1.2 0.8 1.6 0.8 1.2 5.2 2.0 
Sphenophylls                                       
Columinisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Latosporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Laevigatosporites 2.0 0.8 1.6 2.0 4.4 1.6 26.8 39.6 3.2 6.0 4.4 8.4 11.6 3.2 2.8 2.0 2.8 1.2 1.2 
Vestispora 0.4 0.4 0.0 0.8 4.4 1.2 0.0 0.4 0.0 0.4 0.8 0.0 0.4 2.8 0.8 0.8 0.0 0.4 0.4 
CORDAITES                                       
Florinites 5.6 0.4 1.2 0.0 0.0 0.0 0.0 1.6 0.4 0.0 2.4 2.0 1.6 1.6 5.2 2.8 0.0 1.2 1.2 
CONIFERS                                       
Pityosporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Potonieisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.4 0.0 0.4 0.0 0.8 0.0 0.0 0.0 0.0 
Wilsonites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
different Plants                                       
Punctatisporites 1.2 0.0 0.4 0.4 1.2 1.6 0.0 1.6 0.0 0.0 0.4 0.0 0.0 0.0 0.4 0.0 0.0 1.2 0.4 
unknown SPORE-affinity                                       
Adelisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Anaplanisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Bellispores 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.4 
Colatisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Cordylosporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 
Cuneisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Diatomozonotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Dictyomonoletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.8 0.0 
Discernisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Hymenospora 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Neoraistrickia 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Perotriletes 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Reinschospora 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Retispora 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Simozonotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Stenozonotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Waltzispora 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
UNKNOWN SPORES 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 
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Table C-7c: Seam K sequence: Complete palynological data set 
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No of genera in each sample 21 22 19 23 24 24 21 25 25 27 21 24 22 25 23 20 20 19 14 13 8 8 10 13 
arborescent Lycopsids                                                 
Crassispora 5.2 4.4 4.0 5.6 6.8 12.0 10.4 8.0 8.4 6.8 5.6 11.6 11.2 4.0 2.0 4.4 3.6 2.4 2.0 1.2 0.8 0.8 5.2 8.0
Granasporites 1.6 0.8 1.6 3.2 0.4 2.8 2.0 2.0 2.8 2.0 3.6 5.6 1.6 3.6 1.6 2.8 1.2 2.0 0.0 1.6 1.2 2.4 4.4 2.8
Lycospora 75.6 76.0 78.4 69.6 72.8 61.6 68.8 67.6 66.8 67.6 66.0 59.6 64.8 66.4 76.8 71.2 78.8 79.6 92.0 92.8 95.6 92.8 76.0 16.0
subarborescent LYCOPSIDS                                                 
Cingulizonates 0.0 0.0 0.4 0.0 0.4 0.4 0.4 0.4 0.0 0.0 0.0 0.8 0.0 0.8 0.4 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cristatisporites 0.4 1.2 0.0 0.8 0.4 0.4 0.8 0.4 1.6 0.4 0.4 0.4 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Densosporites 0.4 1.2 1.6 0.8 0.4 3.6 0.4 2.0 1.2 1.2 2.0 1.2 1.2 1.2 2.4 1.6 1.2 0.0 0.0 0.0 0.4 1.2 1.2 0.4
Endosporites 0.0 0.4 0.4 0.0 1.2 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.8 0.0 0.0 0.4 0.0 0.4 0.0 0.0 1.2 8.8 0.4
Radiizonates 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Vallatisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
herbacious LYCOPSIDS                                                 
Anacanthotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cirratriradites 0.0 0.4 0.0 0.8 0.8 0.4 0.0 0.4 0.0 0.4 0.0 0.4 0.4 0.4 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Tree FERNS                                                 
Punctatosporites 1.6 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.4 0.4 0.0 0.8 0.4 0.0 1.2 0.8 0.4 0.0 0.4 0.4 0.0 0.0 0.0 0.0
Raistrickia (climbing Fern) 0.0 1.6 0.4 0.0 0.8 0.8 0.8 0.8 0.0 0.8 0.4 0.0 0.8 0.4 0.0 0.8 0.4 0.4 0.0 0.0 0.4 0.0 0.0 0.0
Reticulatisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Savitrisporites 0.0 0.4 0.4 1.2 1.2 0.8 1.6 1.2 0.8 0.0 0.4 1.2 0.4 0.4 0.4 1.6 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0
Triquitrites 1.2 1.2 0.8 1.2 0.0 0.8 0.0 0.0 0.4 0.4 2.0 0.4 0.4 0.8 1.6 2.0 1.2 0.0 0.0 0.4 0.0 0.0 0.0 0.0
Small FERNS                                                 
Apiculatisporites  0.8 0.8 0.8 0.4 1.2 0.4 0.4 0.8 0.8 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.4 0.0 0.0 0.4 0.8
Camptotriletes 0.4 0.8 0.0 0.4 1.6 0.0 0.4 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.4 0.4 1.2 0.0 0.0 0.0 0.0 0.0 0.0
Convolutispora 0.8 0.0 0.0 0.4 0.0 1.2 0.0 0.4 0.4 0.8 1.6 0.4 2.0 2.0 0.4 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Dictyotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.4 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Granulatisporites 0.4 2.0 0.0 0.0 0.4 2.0 1.6 0.0 0.8 1.2 2.0 0.8 2.8 2.0 1.2 2.0 1.6 2.4 0.8 0.4 0.0 0.0 0.0 0.0
Leiotriletes 2.4 1.6 1.2 1.6 2.4 1.6 2.4 2.0 2.4 4.0 3.6 2.4 2.0 3.2 1.2 4.4 3.6 1.6 0.0 0.4 0.0 0.0 0.0 0.0
Lophotriletes 1.6 1.2 0.4 0.4 0.8 0.4 1.6 0.8 1.6 0.4 0.0 0.0 1.6 0.8 1.2 0.4 0.4 1.6 0.4 0.8 0.8 0.0 0.4 0.0
FERNS of different groups                                                 
Cyclogranisporites 0.4 0.8 1.6 0.0 0.8 1.6 1.2 0.0 0.4 2.0 0.0 1.6 2.4 0.4 1.2 0.0 0.4 0.4 0.4 0.4 0.0 0.0 0.0 0.8
Microreticulatisporites 1.2 1.6 0.8 1.2 1.2 0.4 0.0 2.0 2.0 1.2 1.2 1.2 0.4 0.8 0.8 0.4 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0
Verrucosisporites 0.0 0.0 0.4 0.8 0.4 0.4 0.0 0.4 0.8 0.8 0.8 1.6 1.2 0.8 0.8 0.8 0.0 0.8 1.2 0.4 0.0 0.0 0.0 0.0
FERNS of unknow affinity                                                 
Acanthotriletes  1.6 0.0 0.0 0.4 0.0 0.8 0.0 0.0 0.0 0.4 1.6 0.4 0.0 0.4 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0
Ahrensisporites 0.0 0.0 0.0 0.0 0.8 0.0 0.0 0.4 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Grumosisporites 0.0 0.0 0.0 0.0 0.0 0.8 0.4 0.0 0.4 0.0 0.4 0.0 0.4 0.0 0.4 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Knoxisporites 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0
Mooreisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pustulatisporites 1.2 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Reticulitriletes 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
PTERIDOSPERMS                                                 
Vesicaspora 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Zonalosporites  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CALAMITES                                                 
Calamospora 0.8 0.8 1.2 1.2 0.8 2.0 1.2 2.0 2.8 2.0 0.8 2.4 0.0 1.6 1.2 0.0 0.8 0.4 0.4 0.0 0.0 0.0 0.0 2.8
Sphenophylls                                                 
Columinisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Latosporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4
Laevigatosporites 0.4 0.4 1.2 2.4 0.0 1.2 0.4 2.8 0.8 1.6 1.6 1.2 1.2 0.8 0.4 1.2 0.8 0.4 0.4 0.0 0.0 0.8 2.4 65.2
Vestispora 0.0 0.0 0.0 1.2 0.4 0.0 0.4 0.8 1.2 0.4 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.4 0.0 0.0
CORDAITES                                                 
Florinites 0.8 0.0 4.0 2.8 2.4 3.2 3.2 1.2 0.4 1.2 4.0 2.0 2.4 5.2 1.6 2.8 1.6 2.4 0.4 0.4 0.0 0.0 0.8 0.4
CONIFERS                                                 
Pityosporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Potonieisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Wilsonites 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0
different Plants                                                 
Punctatisporites 1.2 0.8 0.0 2.8 0.4 0.4 0.4 1.6 2.0 0.8 1.2 2.0 1.6 0.8 1.2 0.4 1.2 1.2 0.4 0.4 0.4 0.4 0.0 1.6
unknown SPORE-affinity                                                 
Adelisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0
Anaplanisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Bellispores 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Colatisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cordylosporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cuneisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Diatomozonotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Dictyomonoletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Discernisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Hymenospora 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Neoraistrickia 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Perotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Reinschospora 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Retispora 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Simozonotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.4 0.4 0.0 0.0 0.4 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Stenozonotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Waltzispora 0.0 0.0 0.4 0.0 0.4 0.0 0.4 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0
UNKNOWN SPORES 0.0 0.8 0.0 0.0 0.8 0.0 0.8 0.4 0.0 0.4 0.0 0.4 0.0 0.4 0.0 0.0 0.4 0.4 0.0 0.0 0.0 0.0 0.0 0.4
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No of genera in each sample 20 20 22 14 18 18 17 15 19 21 25 23 27 23 18 27 20 26 18 
arborescent Lycopsids                                       
Crassispora 9.6 6.0 0.8 4.0 8.0 26.4 6.0 1.2 8.0 8.8 1.6 4.8 8.0 13.6 4.8 3.6 5.2 3.6 5.2 
Granasporites 2.4 2.4 2.8 1.6 0.0 12.8 6.0 2.4 1.6 1.2 0.4 1.6 0.0 0.0 1.2 2.8 0.8 0.4 0.8 
Lycospora 65.6 68.4 69.6 79.2 56.8 30.8 50.4 61.2 67.6 56.0 50.8 66.4 61.6 66.8 71.6 60.8 60.8 63.2 78.4 
subarborescent LYCOPSIDS                                       
Cingulizonates 2.0 2.4 0.4 0.0 0.0 0.4 0.0 0.0 0.0 0.0 3.2 1.6 2.8 0.4 1.2 2.0 2.0 2.0 0.4 
Cristatisporites 1.2 0.4 1.2 0.0 0.0 0.0 0.0 0.8 0.0 1.2 1.2 0.8 1.6 0.4 0.0 0.0 0.0 0.4 0.4 
Densosporites 0.8 1.2 1.2 0.0 0.0 0.0 1.2 0.0 0.0 0.8 1.6 1.6 3.2 0.8 5.2 2.4 1.6 0.8 1.2 
Endosporites 0.0 0.0 0.8 0.4 6.8 0.0 1.2 0.0 0.8 0.4 0.0 0.0 0.4 0.0 0.0 0.8 0.0 0.4 0.0 
Radiizonates 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 
Vallatisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
herbacious LYCOPSIDS                                       
Anacanthotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.4 0.0 0.4 0.0 0.4 0.0 0.0 0.4 
Cirratriradites 0.0 0.8 0.4 0.0 0.0 2.4 3.6 1.2 0.0 0.0 0.4 1.2 2.0 0.8 0.4 0.4 0.0 0.0 0.0 
Tree FERNS                                       
Punctatosporites 0.4 0.4 1.6 0.4 0.4 0.8 0.4 1.2 1.6 1.6 0.8 0.4 0.4 0.4 0.8 0.8 0.0 0.4 0.4 
Raistrickia (climbing Fern) 0.0 0.4 0.0 0.0 0.0 0.8 0.8 1.6 1.6 0.0 1.6 1.2 1.6 0.4 2.0 0.8 0.4 1.2 0.4 
Reticulatisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Savitrisporites 0.4 2.4 1.2 0.0 0.4 0.0 0.0 0.0 0.4 0.0 4.4 0.8 1.2 1.2 0.0 0.4 2.4 1.2 0.8 
Triquitrites 0.4 0.8 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.4 1.2 0.0 0.0 0.0 0.4 0.0 0.8 0.0 
Small FERNS                                       
Apiculatisporites  1.2 0.0 0.8 0.4 0.4 0.8 0.0 0.0 0.0 0.0 2.0 0.0 0.4 0.0 0.4 0.4 0.4 0.4 0.8 
Camptotriletes 0.0 0.8 0.0 0.0 0.4 0.0 0.0 0.0 0.8 0.0 0.4 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 
Convolutispora 0.8 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.8 0.4 0.4 0.4 0.4 0.8 0.0 
Dictyotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 
Granulatisporites 3.6 2.8 4.4 0.4 0.8 4.0 2.0 0.4 1.6 1.2 1.2 2.0 1.2 1.2 2.8 1.2 3.2 2.8 2.4 
Leiotriletes 1.2 3.2 1.2 0.8 3.2 0.4 0.8 0.0 1.2 4.0 4.0 1.2 1.2 3.6 0.4 4.4 4.8 4.8 1.2 
Lophotriletes 1.2 1.2 2.4 0.8 1.6 0.4 0.4 0.0 1.2 2.4 2.8 1.6 2.0 2.8 0.4 5.2 5.6 3.2 3.2 
FERNS of different groups                                       
Cyclogranisporites 1.2 0.0 0.0 0.4 0.0 0.4 0.4 0.4 0.4 0.4 0.4 0.0 0.0 0.4 0.0 0.4 0.0 0.4 0.0 
Microreticulatisporites 1.6 1.2 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.4 0.8 0.4 2.0 0.4 0.0 0.8 0.8 0.4 0.8 
Verrucosisporites 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.4 0.0 1.6 1.2 0.4 0.4 1.2 1.2 0.4 0.0 
FERNS of unknow affinity                                       
Acanthotriletes  0.0 0.0 0.4 0.0 0.4 0.0 0.0 0.0 0.4 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.8 0.8 0.4 
Ahrensisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.4 0.0 0.0 0.4 0.0 0.4 0.0 
Grumosisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 
Knoxisporites 0.0 0.0 0.4 0.0 0.0 0.4 0.0 0.0 0.4 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.4 0.4 0.0 
Mooreisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Pustulatisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Reticulitriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
PTERIDOSPERMS                                       
Vesicaspora 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Zonalosporites  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
CALAMITES                                       
Calamospora 1.2 0.0 0.0 0.4 0.4 3.6 1.6 6.0 7.6 10.4 11.6 2.0 2.0 0.4 0.8 1.6 0.4 0.4 0.4 
Sphenophylls                                       
Columinisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.2 0.0 0.0 0.0 0.0 0.0 0.0 
Latosporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Laevigatosporites 1.2 2.8 6.4 1.2 2.0 8.4 17.6 14.8 2.4 6.0 7.2 2.4 1.6 1.6 6.0 1.2 4.4 4.8 1.6 
Vestispora 0.0 0.0 0.4 9.6 15.6 4.0 6.0 5.2 1.2 1.6 0.0 2.4 0.8 0.8 0.0 0.4 0.0 0.0 0.0 
CORDAITES                                       
Florinites 2.0 0.8 1.6 0.0 1.2 0.4 0.4 2.8 0.0 0.8 0.8 1.2 0.4 1.6 0.8 5.6 3.2 4.0 0.0 
CONIFERS                                       
Pityosporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 1.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Potonieisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 
Wilsonites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
different Plants                                       
Punctatisporites 1.6 0.8 0.8 0.4 0.8 2.8 1.2 0.0 0.0 0.4 0.0 2.0 0.4 0.0 0.4 0.8 0.8 1.2 0.0 
unknown SPORE-affinity                                       
Adelisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Anaplanisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Bellispores 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 
Colatisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Cordylosporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Cuneisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Diatomozonotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 
Dictyomonoletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Discernisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Hymenospora 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Neoraistrickia 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Perotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 
Reinschospora 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Retispora 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Simozonotriletes 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 
Stenozonotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Waltzispora 0.0 0.4 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.8 0.0 0.0 0.0 0.0 0.0 0.0 
UNKNOWN SPORES 0.0 0.4 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 
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Table C-7e: Seam P sequence: Complete palynological data set 
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No of genera in each sample 21 30 22 10 23 21 21 20 16 19 18 18 16 24 17 21 23 22 19 18 21 19 20 14 
arborescent Lycopsids                                                 
Crassispora 8.4 1.2 3.2 0.4 5.6 8.0 4.0 16.0 4.4 5.2 5.6 2.8 6.4 1.2 8.0 6.4 2.4 5.6 11.6 3.6 2.8 1.2 5.6 1.2
Granasporites 23.6 21.2 23.2 6.8 12.8 5.6 18.8 16.8 11.2 17.6 2.4 1.6 2.4 3.6 1.2 0.4 1.2 2.8 8.4 10.4 9.6 11.2 15.6 19.6
Lycospora 31.6 20.0 24.4 2.8 20.4 36.8 22.8 40.4 62.0 57.6 63.6 58.8 79.2 63.6 68.0 68.8 70.8 66.8 23.6 47.2 30.8 47.6 56.8 69.6
subarborescent LYCOPSIDS                                                 
Cingulizonates 0.0 16.0 21.6 1.2 1.2 0.8 0.4 0.4 0.0 0.4 0.0 1.6 0.4 0.8 0.8 0.8 0.8 1.6 2.0 0.8 0.4 0.0 0.4 0.0
Cristatisporites 0.0 0.0 0.0 0.0 0.4 0.8 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.4 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0
Densosporites 2.0 6.0 2.0 83.2 4.0 1.6 0.8 0.0 0.0 0.4 0.0 0.0 0.8 0.8 0.4 1.6 0.0 0.8 2.0 0.4 1.2 0.4 1.2 0.0
Endosporites 1.2 0.4 0.4 0.0 0.0 1.2 0.4 0.0 0.0 0.4 1.6 0.8 0.0 0.0 0.0 0.0 0.4 3.2 2.8 0.4 0.8 1.2 0.0 0.0
Radiizonates 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0
Vallatisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
herbacious LYCOPSIDS                                                 
Anacanthotriletes 0.0 0.0 0.4 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cirratriradites 0.0 0.4 0.0 0.0 0.8 0.0 0.0 0.4 0.4 0.0 0.8 0.0 0.0 0.0 0.8 0.8 0.8 0.4 0.0 0.0 0.0 0.4 1.6 0.0
Tree FERNS                                                 
Punctatosporites 0.0 0.4 0.4 0.0 9.2 2.8 6.0 0.4 4.8 0.4 2.8 0.0 0.8 0.8 0.0 0.0 0.0 0.4 1.2 0.8 2.0 14.8 2.0 0.0
Raistrickia (climbing Fern) 2.0 2.4 1.6 0.4 0.0 2.4 0.8 1.2 2.0 0.4 0.8 0.0 0.0 0.8 0.0 0.8 2.0 0.4 0.0 0.4 0.8 1.2 2.0 0.8
Reticulatisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.4 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Savitrisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.8 0.8 0.4 0.0 0.0 0.0 0.0 0.0 0.0
Triquitrites 0.4 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0
Small FERNS                                                 
Apiculatisporites  1.2 2.0 0.8 0.0 2.4 1.2 2.0 2.4 0.4 0.8 1.2 0.4 0.4 0.4 0.0 0.4 0.4 0.0 1.6 0.8 0.4 2.0 1.6 0.8
Camptotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Convolutispora 0.4 0.4 0.0 0.0 0.4 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.4 0.4 0.8 0.8 0.0 0.0 0.0 0.0 0.4
Dictyotriletes 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 1.2 0.0 0.0 0.0
Granulatisporites 0.8 0.8 5.6 0.4 5.6 6.4 9.2 2.4 2.8 2.8 4.0 10.0 2.0 4.0 3.2 3.6 2.4 0.4 1.6 4.4 6.4 2.4 1.2 2.4
Leiotriletes 1.6 2.4 0.8 0.0 2.0 1.6 6.4 2.0 1.2 1.6 3.2 8.4 1.2 4.8 4.4 3.6 3.2 2.0 7.2 1.6 1.2 0.8 1.2 0.8
Lophotriletes 0.0 8.4 4.8 0.0 4.0 3.6 2.4 4.8 1.6 0.0 2.0 0.8 0.4 3.2 2.8 3.6 2.0 0.4 0.4 0.8 0.8 0.8 0.4 0.4
FERNS of different groups                                                 
Cyclogranisporites 5.2 1.2 0.4 0.0 0.4 2.4 1.6 0.4 1.2 1.2 0.8 0.4 1.2 2.0 0.4 0.4 0.4 0.4 0.0 0.8 1.6 1.6 1.6 0.0
Microreticulatisporites 0.4 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.4 0.0 1.2 0.0 0.8 0.8 0.4 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Verrucosisporites 0.0 0.0 0.0 0.0 2.8 0.0 0.4 0.4 0.4 0.0 0.0 0.0 0.4 0.8 0.0 0.8 0.0 0.4 3.6 0.0 0.0 0.0 0.8 0.4
FERNS of unknow affinity                                                 
Acanthotriletes  0.0 0.8 0.0 0.4 1.6 0.4 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.4 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ahrensisporites 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Grumosisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Knoxisporites 0.0 0.4 0.4 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.4 0.0 0.0 0.0
Mooreisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pustulatisporites 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Reticulitriletes 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0
PTERIDOSPERMS                                                 
Vesicaspora 0.0 0.4 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Zonalosporites  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CALAMITES                                                 
Calamospora 2.0 3.2 3.2 0.0 2.4 0.4 5.2 1.6 0.8 0.4 1.6 3.2 0.4 0.4 0.8 0.0 1.6 0.0 1.2 0.4 0.8 0.8 0.4 0.4
Sphenophylls                                                 
Columinisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Latosporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Laevigatosporites 15.2 6.0 4.0 3.2 6.0 4.0 4.0 4.0 5.6 6.4 7.6 3.2 1.6 0.4 0.8 2.0 2.0 7.6 28.4 23.2 34.4 2.4 4.0 2.4
Vestispora 0.4 0.4 0.4 0.0 0.8 0.8 0.4 1.2 0.8 1.2 0.0 0.8 0.8 0.0 0.8 1.2 0.0 2.0 1.2 1.2 0.4 3.2 0.8 0.4
CORDAITES                                                 
Florinites 0.8 1.2 0.8 0.0 14.8 18.4 11.6 2.0 0.0 1.6 0.4 3.2 1.6 7.6 5.2 0.8 4.0 1.2 1.6 0.0 2.0 6.8 1.2 0.4
CONIFERS                                                 
Pityosporites 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Potonieisporites 1.2 0.0 0.0 0.0 1.6 0.0 0.8 0.0 0.0 0.0 0.4 1.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.0
Wilsonites 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0
different Plants                                                 
Punctatisporites 0.8 0.8 0.8 0.4 0.0 0.4 1.6 2.0 0.0 0.4 0.0 1.2 0.0 0.0 0.0 1.6 0.8 0.4 0.0 1.6 1.6 0.8 0.8 0.0
unknown SPORE-affinity                                                 
Adelisporites 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Anaplanisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Bellispores 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Colatisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cordylosporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cuneisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Diatomozonotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Dictyomonoletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0
Discernisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Hymenospora 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Neoraistrickia 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Perotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Reinschospora 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Retispora 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Simozonotriletes 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0 0.4 0.0 0.0 0.0 0.0
Stenozonotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Waltzispora 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.4 0.0 0.0 0.0 0.0 0.0 0.4 0.0
UNKNOWN SPORES 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0
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Table C-7e: Seam P sequence: Complete palynological data set (continued) 
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No of genera in each sample 15 10 17 14 7 12 14 17 15 13 15 
arborescent Lycopsids                       
Crassispora 7.6 3.2 16.4 2.8 3.2 1.6 14.4 31.2 8.4 9.2 1.2
Granasporites 7.2 6.0 1.6 3.2 10.8 25.2 13.6 10.4 4.0 2.0 4.4
Lycospora 71.6 81.6 70.0 79.6 82.4 63.2 57.2 28.0 73.2 80.4 84.4
subarborescent LYCOPSIDS                       
Cingulizonates 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cristatisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Densosporites 0.0 0.0 0.4 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Endosporites 0.0 0.0 0.4 1.2 0.0 0.4 0.0 2.4 1.2 1.2 0.0
Radiizonates 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.4 0.0 0.0 0.0
Vallatisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
herbacious LYCOPSIDS                       
Anacanthotriletes 0.0 0.0 0.4 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0
Cirratriradites 0.4 0.0 0.0 0.0 0.0 0.8 0.4 0.4 0.0 0.0 0.0
Tree FERNS                       
Punctatosporites 0.0 0.8 0.4 0.0 0.0 0.0 0.0 0.0 2.4 0.4 0.8
Raistrickia (climbing Fern) 0.8 0.0 0.8 0.0 0.0 1.2 1.2 0.4 1.2 0.0 0.0
Reticulatisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Savitrisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.2 0.0 0.0
Triquitrites 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Small FERNS                       
Apiculatisporites  0.0 1.2 0.0 0.0 0.0 0.8 0.8 0.4 0.0 0.0 0.0
Camptotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Convolutispora 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Dictyotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Granulatisporites 0.8 0.0 1.6 1.2 0.0 0.4 0.0 0.8 0.8 1.2 1.6
Leiotriletes 0.4 0.0 0.4 2.0 0.0 0.0 0.8 0.0 0.8 0.4 0.8
Lophotriletes 0.8 0.0 0.4 0.8 0.8 0.0 0.0 0.0 0.0 0.4 1.6
FERNS of different groups                       
Cyclogranisporites 0.0 2.4 3.6 2.4 0.0 0.4 1.2 1.2 0.4 2.0 0.8
Microreticulatisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4
Verrucosisporites 0.0 0.4 0.0 0.0 0.0 0.0 0.8 1.2 0.4 0.0 0.0
FERNS of unknow affinity                       
Acanthotriletes  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4
Ahrensisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Grumosisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Knoxisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0
Mooreisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pustulatisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Reticulitriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
PTERIDOSPERMS                       
Vesicaspora 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Zonalosporites  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CALAMITES                       
Calamospora 3.2 2.4 0.8 2.8 0.0 0.8 2.8 1.6 1.2 0.8 0.4
Sphenophylls                       
Columinisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Latosporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Laevigatosporites 4.8 0.8 1.2 2.0 0.8 1.2 3.6 3.6 2.4 0.8 0.8
Vestispora 0.4 1.2 0.4 0.0 0.4 0.0 1.6 9.6 1.2 0.0 0.4
CORDAITES                       
Florinites 0.4 0.0 0.0 0.8 0.4 2.4 1.2 3.2 0.4 0.8 1.6
CONIFERS                       
Pityosporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Potonieisporites 0.0 0.0 0.4 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0
Wilsonites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0
different Plants                       
Punctatisporites 0.0 0.0 0.0 0.4 0.4 1.6 0.0 1.6 0.4 0.4 0.4
unknown SPORE-affinity                       
Adelisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Anaplanisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Bellispores 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Colatisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cordylosporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cuneisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Diatomozonotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Dictyomonoletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Discernisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Hymenospora 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Neoraistrickia 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Perotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Reinschospora 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Retispora 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Simozonotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Stenozonotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Waltzispora 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
UNKNOWN SPORES 0.4 0.0 0.8 0.0 0.0 0.0 0.0 3.2 0.0 0.0 0.0
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Table C-7f: Seam V sequence: Complete palynological data set 
  V
_5
8 
V_
63
 
V_
66
 
V_
71
 
V_
73
 
V_
75
 
V_
76
 
V_
78
 
V_
80
 
V_
81
 
V_
88
 
V_
89
 
V_
90
 
V_
91
 
V_
92
 
V_
95
 
V_
96
 
V_
97
 
V_
10
2 
V_
10
4 
V_
10
5 
V_
10
6 
V_
10
7 
V_
11
2 
No of genera in each sample 23 21 19 22 30 22 21 19 20 17 22 15 9 9 11 13 16 12 27 19 19 23 26 24 
arborescent Lycopsids                                                 
Crassispora 3.2 1.2 9.2 6.0 4.0 0.4 2.8 22.4 19.2 1.2 0.4 0.8 0.8 0.0 2.8 0.8 10.0 2.0 2.4 3.6 4.0 2.0 4.0 8.0
Granasporites 8.4 19.6 24.0 8.4 0.0 4.8 2.4 8.4 1.6 5.2 2.0 1.6 19.6 10.0 26.4 3.2 2.4 4.0 2.4 13.6 10.0 1.6 4.4 4.8
Lycospora 64.0 14.4 28.0 14.4 3.6 52.0 51.6 20.4 36.8 70.4 81.6 86.8 74.8 84.0 65.2 76.0 63.6 72.8 64.4 57.2 59.2 60.8 58.0 54.4
subarborescent LYCOPSIDS                                                 
Cingulizonates 0.8 0.4 0.0 1.2 0.0 0.0 0.0 0.0 4.0 0.4 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.8 0.8 0.0 0.0 1.2
Cristatisporites 0.8 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.4
Densosporites 2.8 2.0 1.6 3.2 0.4 0.0 1.6 1.2 0.0 1.6 0.4 0.4 1.2 0.0 0.0 0.4 0.0 0.4 1.2 1.6 1.6 2.8 0.4 2.4
Endosporites 1.2 1.6 0.0 1.2 0.4 0.0 1.2 0.8 0.8 0.0 0.4 0.0 0.4 0.0 0.0 1.2 3.2 2.4 2.0 0.8 0.0 0.0 1.2 0.4
Radiizonates 0.0 0.0 0.0 0.4 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Vallatisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
herbacious LYCOPSIDS                                                 
Anacanthotriletes 0.4 0.0 0.0 0.0 0.4 0.4 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cirratriradites 0.4 0.0 0.0 0.0 0.8 0.8 1.6 0.0 1.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.4 0.8 1.6
Tree FERNS                                                 
Punctatosporites 1.2 1.6 3.6 6.0 0.8 0.4 0.0 2.0 0.4 0.8 0.8 1.2 0.0 0.0 0.0 0.0 5.6 5.2 0.4 0.0 0.0 0.4 0.4 0.0
Raistrickia (climbing Fern) 0.0 2.8 2.8 0.8 4.0 2.4 2.8 1.6 0.8 1.2 0.8 0.0 0.0 0.0 0.4 0.8 0.8 0.0 1.2 0.8 0.4 1.6 0.8 1.6
Reticulatisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Savitrisporites 0.0 0.0 0.8 0.0 2.4 0.0 0.0 0.0 0.0 0.0 0.4 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 1.2 1.2 0.8
Triquitrites 0.0 0.4 0.0 0.8 16.4 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.2 1.2 1.6 0.8 0.0 0.0
Small FERNS                                                 
Apiculatisporites  0.4 0.4 1.2 1.2 1.2 0.4 2.8 0.4 2.4 2.4 1.2 0.4 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.4 0.4 0.4 0.0 1.2
Camptotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.4 0.4 0.4 0.0 0.0 0.4
Convolutispora 0.4 0.0 0.0 0.0 0.8 0.0 0.4 0.4 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.4 0.4 0.8
Dictyotriletes 0.0 0.0 0.0 0.0 1.2 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.8 0.4 0.0 0.0
Granulatisporites 0.4 4.8 3.6 2.4 8.8 2.8 2.4 1.6 1.2 1.2 3.6 1.2 0.0 0.4 0.4 1.2 0.4 0.8 4.0 4.0 4.4 2.8 2.8 2.0
Leiotriletes 0.4 5.2 1.6 2.8 5.6 2.0 1.6 1.2 0.8 3.6 1.2 0.4 0.0 0.4 0.8 1.6 0.4 0.8 2.4 4.8 3.6 3.6 5.2 1.2
Lophotriletes 1.2 1.2 0.8 0.4 12.8 0.8 2.8 0.4 0.0 0.8 0.4 0.4 0.4 0.4 0.0 0.0 0.0 0.0 2.4 1.2 1.6 3.2 3.2 3.2
FERNS of different groups                                                 
Cyclogranisporites 0.8 4.0 0.8 0.8 3.2 2.0 0.8 0.0 2.8 0.4 0.4 1.2 0.8 0.0 0.4 1.2 0.4 1.2 0.4 0.4 0.4 2.8 1.6 1.2
Microreticulatisporites 0.8 0.4 0.4 0.0 8.4 1.2 0.0 0.0 0.4 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.4 0.0 0.8 0.8 0.8 0.4
Verrucosisporites 0.4 0.8 0.4 2.0 2.4 3.2 1.6 2.0 1.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.4 0.4 0.8
FERNS of unknow affinity                                                 
Acanthotriletes  0.0 0.0 0.0 0.0 0.8 0.8 0.0 0.0 0.0 0.4 1.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.4 0.0 1.6 0.4
Ahrensisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Grumosisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0
Knoxisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0
Mooreisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pustulatisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Reticulitriletes 0.0 0.0 0.0 0.0 0.8 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
PTERIDOSPERMS                                                 
Vesicaspora 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Zonalosporites  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CALAMITES                                                 
Calamospora 2.4 2.8 3.6 1.2 12.8 6.8 4.4 5.2 3.2 1.2 0.4 0.0 0.4 0.4 0.4 0.4 0.4 0.0 0.8 1.6 3.6 0.8 1.2 2.0
Sphenophylls                                                 
Columinisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Latosporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Laevigatosporites 5.2 28.8 12.8 33.2 5.2 14.4 8.8 17.2 12.8 8.4 1.2 2.8 1.6 3.6 2.4 12.0 7.6 7.6 4.0 3.2 4.0 7.2 5.2 6.8
Vestispora 2.4 3.6 1.6 0.0 0.0 0.0 0.8 1.6 1.2 0.4 0.0 0.4 0.0 0.4 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.4 0.0
CORDAITES                                                 
Florinites 1.2 3.6 2.8 12.0 0.4 2.4 7.6 11.6 7.6 0.4 0.4 1.2 0.0 0.4 0.0 0.4 3.2 0.8 3.2 2.4 1.2 4.0 2.8 2.0
CONIFERS                                                 
Pityosporites 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Potonieisporites 0.0 0.0 0.0 0.4 0.0 0.0 0.0 1.2 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Wilsonites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
different Plants                                                 
Punctatisporites 0.8 0.4 0.4 0.8 0.8 0.8 0.0 0.4 0.0 0.0 1.2 0.8 0.0 0.0 0.0 0.8 0.8 2.0 1.2 0.8 0.0 0.8 0.8 1.2
unknown SPORE-affinity                                                 
Adelisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Anaplanisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0
Bellispores 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0
Colatisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cordylosporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cuneisporites 0.0 0.0 0.0 0.0 0.0 0.4 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4
Diatomozonotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Dictyomonoletes 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Discernisporites 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Hymenospora 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.2 0.4
Neoraistrickia 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Perotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.4 0.0 0.0 0.0 0.0
Reinschospora 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Retispora 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Simozonotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0
Stenozonotriletes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Waltzispora 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0
UNKNOWN SPORES 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0
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Table C-7f: Seam V sequence: Complete palynological data set (continued) 
  V_
12
2 
V_
12
3 
V_
12
4 
V_
13
1 
No of genera in each sample 15 16 16 16 
arborescent Lycopsids         
Crassispora 2.0 5.6 10.8 7.2 
Granasporites 0.4 8.8 2.4 2.0 
Lycospora 79.6 58.0 68.0 69.2 
subarborescent LYCOPSIDS         
Cingulizonates 0.0 0.8 0.0 0.4 
Cristatisporites 0.0 0.0 0.0 0.0 
Densosporites 1.2 1.2 0.0 0.4 
Endosporites 2.8 0.8 0.0 0.0 
Radiizonates 0.0 0.0 0.0 0.0 
Vallatisporites 0.0 0.0 0.0 0.0 
herbacious LYCOPSIDS         
Anacanthotriletes 0.0 0.0 0.0 0.0 
Cirratriradites 0.0 0.4 1.2 1.2 
Tree FERNS         
Punctatosporites 0.8 0.8 0.0 0.4 
Raistrickia (climbing Fern) 0.0 0.0 0.8 0.0 
Reticulatisporites 0.0 0.0 0.0 0.0 
Savitrisporites 0.8 0.0 0.0 0.0 
Triquitrites 0.0 0.0 0.0 0.0 
Small FERNS         
Apiculatisporites  0.0 0.4 0.0 0.0 
Camptotriletes 0.0 0.0 0.0 0.0 
Convolutispora 0.0 0.0 0.0 0.0 
Dictyotriletes 0.0 0.0 0.0 0.0 
Granulatisporites 1.2 3.2 1.2 1.2 
Leiotriletes 2.0 0.0 2.4 0.8 
Lophotriletes 2.4 0.4 0.4 2.0 
FERNS of different groups         
Cyclogranisporites 1.6 0.8 1.2 0.4 
Microreticulatisporites 0.0 0.0 0.0 0.0 
Verrucosisporites 0.0 0.0 0.4 0.0 
FERNS of unknow affinity         
Acanthotriletes  0.0 0.0 0.0 0.0 
Ahrensisporites 0.0 0.0 0.0 0.0 
Grumosisporites 0.0 0.0 0.0 0.0 
Knoxisporites 0.0 0.0 0.0 0.0 
Mooreisporites 0.0 0.0 0.0 0.0 
Pustulatisporites 0.0 0.0 0.0 0.0 
Reticulitriletes 0.0 0.0 0.4 0.0 
PTERIDOSPERMS         
Vesicaspora 0.0 0.0 0.0 0.0 
Zonalosporites  0.0 0.0 0.0 0.0 
CALAMITES         
Calamospora 1.2 1.6 1.2 1.6 
Sphenophylls         
Columinisporites 0.0 0.0 0.0 0.0 
Latosporites 0.0 0.0 0.0 0.0 
Laevigatosporites 2.4 13.6 2.0 5.6 
Vestispora 0.4 0.8 4.4 0.4 
CORDAITES         
Florinites 0.0 2.8 1.2 5.6 
CONIFERS         
Pityosporites 0.0 0.0 0.0 0.0 
Potonieisporites 0.0 0.0 0.0 0.0 
Wilsonites 0.0 0.0 0.0 0.0 
different Plants         
Punctatisporites 1.2 0.0 1.6 1.6 
unknown SPORE-affinity         
Adelisporites 0.0 0.0 0.0 0.0 
Anaplanisporites 0.0 0.0 0.0 0.0 
Bellispores 0.0 0.0 0.0 0.0 
Colatisporites 0.0 0.0 0.0 0.0 
Cordylosporites 0.0 0.0 0.0 0.0 
Cuneisporites 0.0 0.0 0.0 0.0 
Diatomozonotriletes 0.0 0.0 0.0 0.0 
Dictyomonoletes 0.0 0.0 0.0 0.0 
Discernisporites 0.0 0.0 0.0 0.0 
Hymenospora 0.0 0.0 0.0 0.0 
Neoraistrickia 0.0 0.0 0.0 0.0 
Perotriletes 0.0 0.0 0.4 0.0 
Reinschospora 0.0 0.0 0.0 0.0 
Retispora 0.0 0.0 0.0 0.0 
Simozonotriletes 0.0 0.0 0.0 0.0 
Stenozonotriletes 0.0 0.0 0.0 0.0 
Waltzispora 0.0 0.0 0.0 0.0 
UNKNOWN SPORES 0.0 0.0 0.0 0.0 
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Table C-8a: Seam D sequence 
 
Sample top [m] 
bottom 
[m] GI TPI GWI VI WCI 
D_50 305.98 306.06 8.43 0.67 26.33 
D_52 306.10 306.15 0.22 2.29 0.24 0.94 0.22 
D_54 306.20 306.23 23.76 0.05 0.76 
D_55 306.23 306.26 37.46 0.15  
D_56 306.26 306.30 9.87 0.32 0.96 
D_57 306.30 306.32 6.58 0.27  
D_59 306.34 306.36 165.67 0.09  
D_60 306.36 306.38 13.71 0.57  
D_61 306.38 306.46 2.09 1.30  
D_62 306.46 306.49 0.19 3.20 0.10 1.70  
D_63 306.49 306.52 1.06 1.18  
D_64 306.52 306.55 0.21 4.68 0.04 2.02  
D_65 306.55 306.57 0.41 1.16 0.05 0.86  
D_66 306.57 306.59 0.29 2.21 0.02 1.62  
D_67 306.59 306.61 0.20 3.90 0.03 1.95  
D_68 306.61 306.63 0.12 3.95 0.08 2.29  
D_69 306.63 306.65 1.07 1.31 0.02 1.10 2.07 
D_70 306.65 306.67 4.00 1.04  
D_72 306.70 306.72 3.10 0.16 3.45 0.11 9.86 
D_73 306.72 306.74 3.13 0.26 2.31 0.21  
D_74 306.74 306.77 1.43 0.58 1.43 0.44 8.42 
D_75 306.77 306.79 1.34 0.57  
D_76 306.79 306.80 6.35 0.17  
D_77 306.80 306.82 12.89 0.05  
D_78 306.82 306.85 1.37 0.42  
D_79 306.85 306.90 1.05 0.28  
D_81 306.95 306.97 1.66 0.84 6.09 0.37 12.60 
D_82 306.97 307.00 0.34 1.36 4.55 
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Table C-8b: Seam H sequence 
 
Sample top [m] 
bottom 
[m] GI TPI GWI VI WCI 
H_33 257.76 257.78 37.46 0.20 4.04 
H_36 257.83 257.87 165.67 1.59 7.89 
H_39 257.92 257.99 0.60 1.73 2.17 
H_41 257.99 258.02 10.36 0.87 0.91 
H_44 258.09 258.12 32.33 0.35 12.72 
H_47 258.22 258.25 6.58 1.00 8.46 
H_49 258.29 258.32 11.20 0.50 0.02 0.44 3.67 
H_52 258.41 258.44 1.02 1.35 0.15 1.09  
H_55 258.51 258.56 2.82 2.52  
H_58 258.63 258.67 1.23 0.82 0.10 0.73  
H_61 258.75 258.80 0.82 2.42  
H_64 258.85 258.88 0.82 1.78 0.01 1.41 6.81 
H_67 258.95 258.99 4.95 1.38 3.03 
H_70 259.08 259.11 3.55 1.87 0.01 1.52  
H_72 259.16 259.22 2.97 1.22  
H_74 259.26 259.32 3.31 0.82  
H_75 259.32 259.33 2.01 0.81 5.69 
H_76 259.33 259.36 5.25 2.14 14.33 
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Table C-8c: Seam K sequence  
 
Sample top [m] 
bottom 
[m] GI TPI GWI VI WCI 
K_31 195.9 195.9 249.00 0.00  
K_40 196.5 196.5 499.00 0.02 26.67 
K_41a 196.5 196.5 499.00 0.00  
K_41b 196.5 196.5 0.00 0.00  
K_41c 196.5 196.6 499.00 0.02 1.58 0.01  
K_42 196.6 196.6 0.00 0.17  
K_43 196.6 196.6 0.00 2.38 6.48 
K_44 196.6 196.6 61.50 0.91 0.04 0.73  
K_45a 196.6 196.7 10.63 0.47 0.02 0.42  
K_45b 196.7 196.7 0.22 4.43  
K_46 196.7 196.7 0.59 1.29 0.16 1.03  
K_47 196.7 196.7 3.17 1.56  
K_48 196.7 196.8 12.16 0.95  
K_51 196.8 196.8 3.03 1.02  
K_52 196.8 197.0 0.19 2.33  
K_53 197.0 197.0 2.09 1.37  
K_54 197.0 197.0 1.96 1.05  
K_55 197.0 197.1 0.47 1.89 0.03 1.47  
K_56 197.1 197.1 0.57 2.27 0.06 1.69  
K_57 197.1 197.1 0.70 2.68 0.03 1.99  
K_58 197.1 197.1 0.51 2.05 0.03 1.35  
K_59 197.1 197.1 0.53 1.11 0.01 0.77  
K_60 197.1 197.1 0.52 2.47 0.03 1.76  
K_61 197.1 197.2 0.28 4.68  
K_62 197.2 197.2 2.73 3.46  
K_63 197.2 197.2 0.31 2.85 0.15 2.14  
K_64 197.2 197.2 1.08 1.54 0.05 1.18  
K_66 197.3 197.3 44.45 0.13  
K_67 197.3 197.4 15.13 0.06 7.34 
K_68 197.4 197.4 17.52 0.18  
K_69 197.4 197.4 25.32 0.05  
K_72 197.4 197.5 54.56 0.10  
K_73 197.5 197.5 34.71 0.39  
K_74 197.5 197.5 24.00 2.14  
K_75 197.5 197.5 0.26 1.94  
K_76 197.5 197.6 1.81 0.37  
K_77 197.6 197.6 2.68 0.95 1.28 0.57  
K_78 197.6 197.6 0.44 1.81  
K_79 197.6 197.6 0.45 2.14 0.82 0.82 34.43 
K_80 197.6 197.7 3.42 1.39  
K_81 197.7 197.7 2.70 1.28 0.19 1.01  
K_82 197.7 197.7 0.61 3.35 0.44 1.63  
K_83 197.7 197.8 2.88 1.05 0.36 0.78  
K_84 197.8 197.8 3.55 0.95 0.31 0.75  
K_85 197.8 197.8 0.12 2.13 8.38 1.17  
K_86 197.8 197.8 0.13 1.58  
K_87 197.8 197.9 1.38 0.28  
K_88 197.9 197.9 14.63 0.08  
K_89 197.9 197.9 34.71 0.77  
K_90 197.9 198.0 26.78 1.55  
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Table C-8d: Seam M sequence 
 
Sample top [m] 
bottom 
[m] GI TPI GWI VI WCI 
M_10 202.54 202.56 99.00 0.45  
M_11 202.56 202.60 124.00 0.02 2.13 
M_12 202.60 202.65 3.07 0.68 0.02 0.61 3.62 
M_13 202.65 202.70 2.94 0.69 0.03 0.60  
M_14 202.70 202.73 3.17 1.67 0.04 1.42 1.99 
M_15 202.73 202.76 6.25 0.59 0.05 0.57  
M_16 202.76 202.79 9.87 0.56  
M_17 202.79 202.84 5.94 1.78 3.29 
M_18 202.84 202.87 2.31 0.83 0.03 0.68  
M_19 202.87 202.89 40.67 0.41  
M_21 202.91 202.94 0.05 0.43 4.33 
M_22 202.94 202.98 0.04 0.54  
M_26 203.56 203.60 9.64 0.09  
M_29 204.57 204.59 11.50 0.07  
M_30 204.59 204.61 4.95 0.22  
M_31 204.61 204.65 13.71 0.21  
M_32 204.76 204.80 10.36 0.10  
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Table C-8e: Seam P sequence 
 
Sample top [m] 
bottom 
[m] GI TPI GWI VI WCI 
P_15 17.66 17.72 0.74 1.56 0.02 1.28 2.98 
P_18 17.80 17.84 0.23 1.54 1.10 0.76 0.12 
P_20 17.91 18.00 1.78 0.69 1.83 
P_22 18.05 18.08 1.60 0.81 0.10 0.70 2.55 
P_24 18.13 18.18 2.42 0.37 0.64 0.29 2.18 
P_25 18.18 18.22 4.88 0.52 0.27 0.45  
P_27 18.30 18.37 1.60 0.59 1.95 0.44 4.15 
P_29 18.41 18.47 0.80 1.87 0.05 1.16  
P_32 18.58 18.62 7.06 0.89 6.45 
P_35 18.70 18.76 9.00 2.45 5.83 
P_38 18.85 18.91 2.68 0.98  
P_39 18.91 18.94 54.56 0.02 3.69 
P_45 19.55 19.59 49.00 0.00 11.74 
P_75 29.88 29.90 1.82 0.18 3.75 
P_76 29.90 29.94 1.91 1.37 0.00 1.05 0.95 
P_78 30.00 30.06 6.14 0.64 1.87 
P_81 30.15 30.19 0.75 2.38 0.02 1.43  
P_85 30.29 30.34 11.20 1.69 1.00 
P_88 30.48 30.53 3.39 0.81 0.06 0.69  
P_89 30.53 30.58 1.87 0.72 5.65 
P_90 30.58 30.62 14.15 1.96  
P_92 30.70 30.77 6.94 0.98 6.65 
P_94 30.82 30.87 6.04 0.62 12.05 
P_95 30.87 30.90 7.33 0.11 11.95 
P_96 30.90 30.95 22.81 0.34 29.38 
P_112 34.16 34.20 4.05 0.23 48.20 
P_113 34.20 34.23 7.47 0.17 25.56 
P_114 34.23 34.25 3.27 0.28 1.25 0.21 11.74 
P_115 34.25 34.29 12.89 0.53 4.07 
P_116 34.29 34.33 26.11 0.32 14.31 
P_117 34.33 34.39 26.78 0.06 23.20 
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Table C-8f: Seam V sequence 
 
Sample top [m] 
bottom 
[m] GI TPI GWI VI WCI 
V_12 23.03 23.09 0.00 0.37  
V_54 32.89 32.92 4.26 1.92  
V_55 32.92 32.96 2.88 1.50 0.03 1.06  
V_56 32.96 33.00 3.46 7.62  
V_59 33.35 33.43 4.95 0.49 0.05 0.41  
V_60 33.43 33.46 1.49 1.02 0.02 0.71  
V_61 33.46 33.48 3.90 0.52 0.02 0.41  
V_62 33.48 33.51 4.05 0.77  
V_63 33.51 33.55 13.29 0.63 0.03 0.52 0.89 
V_64 33.55 33.67 70.43 0.16  
V_65 33.67 33.68 3.46 0.33 0.75 0.25  
V_66 33.68 33.71 12.89 1.34 3.10 
V_67 33.71 33.76 4.49 0.62  
V_68 33.76 33.78 3.24 0.69  
V_69 33.78 33.88 7.20 0.36 0.09 0.32  
V_70 33.88 33.98 4.38 0.48 0.05 0.39  
V_71 33.98 34.08 1.36 0.74 0.01 0.51 0.82 
V_72 34.08 34.15 0.47 1.02 0.03 0.51  
V_77 34.35 34.38 1.18 0.47  
V_78 34.38 34.40 7.33 0.23 0.42 0.20 2.42 
V_79 34.40 34.44 7.77 0.52  
V_80 34.44 34.54 7.77 0.24 0.32 0.22 2.46 
V_81 34.54 34.56 499.00 0.05 4.26 
V_82 34.56 34.57 249.00 0.08  
V_92 34.96 35.03 9.20 1.19 21.64 
V_94 35.07 35.10 40.67 0.06  
V_101 35.34 35.37 40.67 0.14  
V_119 37.17 37.19 2.23 0.98  
V_120 37.19 37.25 0.57 1.18 0.55 0.60  
V_121 37.25 37.34 4.88 0.54 0.04 0.46  
V_122 37.34 37.43 124.00 0.01 6.84 
V_123 37.43 37.47 19.00 0.53 3.46 
V_126 37.58 37.61 20.74 0.52  
V_127 37.61 37.65 2.68 0.15  
V_128 37.65 37.68 1.56 0.35  
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Table C-9: Complete geochemical data set 
sample type CPI 1 CPI 2 CPI 3 CPI 4 CPI 5 CPI 6 ݌ݎ݅ݏݐܽ݊݁
݊ܥ17
݌݄ݕݐܽ݊݁
݊ܥ18
݌ݎ݅ݏݐܽ݊݁
݌݄ݕݐܽ݊݁
 ݊ܥ17
݊ܥ27
 
Tmax 
[°C] 
VRr 
[%] 
D_46 clastic sediment 0.91 0.99 0.96 0.89 1.08 10.07 0.34 0.10 3.89 8.61 450 
D_52 coal 1.07 0.98 0.94 0.88 1.10 5.20 0.80 0.18 4.72 4.19 448 
D_59 coal 1.06 1.50 1.50 1.47 22.36 1.64 0.24 6.88 8.16 450 0.98 
D_65 coal 0.93 1.11 1.16 1.22 1.10 3.62 0.64 0.16 3.89 3.10 446 
D_68 coal 1.03 0.96 0.91 0.81 1.14 12.89 0.61 0.16 4.00 10.71 445 
D_70 coal 1.01 1.01 1.02 1.03 1.10 11.93 0.37 0.44 3.79 10.71 440 0.92 
D_81 clastic sediment 1.03 0.99 0.97 0.94 1.11 4.13 0.71 0.14 5.24 3.38 443 
D_118 clastic sediment 0.87 1.01 1.07 1.19 1.06 3.53 0.47 0.15 3.06 2.93 443 
H_28a clastic sediment 0.96 1.61 2.38 3.04 4.09 3.34 0.96 1.00 1.08 5.19 455 
H_28b clastic sediment 0.88 1.06 1.06 1.07 1.26 7.86 2.59 2.31 1.23 7.82 451 
H_39 coal 0.96 1.09 1.06 1.01 1.04 1.19 10.59 1.04 8.70 0.86 440 
H_41 coal 1.04 1.08 1.10 1.13 1.14 3.40 1.13 0.11 9.64 2.57 447 0.92 
H_44 coal 1.02 1.04 1.07 1.12 1.10 3.60 1.11 0.11 9.84 3.01 449 
H_52 coal 0.97 1.10 1.09 1.07 1.13 6.57 1.04 0.17 6.30 4.69 435 
H_55 coal 1.00 1.00 1.02 1.06 1.09 5.70 0.05 0.09 0.61 5.58 438 0.92 
H_75 coal 1.00 1.01 0.63 0.00 0.88 7.54 0.03 0.28 0.11 5.03 449 
H_90 clastic sediment 1.03 1.07 1.11 1.16 1.12 2.18 2.50 0.28 9.27 1.98 445 
H_96 clastic sediment 0.98 1.08 1.15 1.25 1.20 3.45 1.24 2.64 437 1.01 
K_7 clastic sediment 0.99 1.07 1.07 1.07 1.13 9.37 1.13 0.30 3.98 7.84 442 
K_30 clastic sediment 1.03 1.06 1.08 1.10 1.10 16.51 1.23 0.26 5.62 14.87 443 
K_43 coal 0.88 1.03 1.03 1.02 1.14 11.21 5.59 0.66 7.56 7.66 449 0.82 
K_48 coal 1.00 1.00 1.05 1.12 1.19 2.72 5.15 0.48 9.92 2.80 447 
K_52 coal 1.00 1.08 1.02 0.89 1.08 5.60 1.46 0.31 5.20 4.18 0.94 
K_69 org rich sediment 0.99 1.03 1.08 1.17 1.11 4.21 1.85 0.27 7.15 3.69 442 0.85 
K_79 coal 0.90 1.10 1.06 0.93 1.15 11.72 1.30 0.20 6.22 7.10 446 
K_82 coal 1.00 1.18 1.23 1.32 1.20 1.68 2.22 0.30 6.22 1.12 442 
K_85 org rich sediment 0.99 1.01 1.06 1.15 1.10 6.72 0.46 0.10 4.78 6.47 450 
M_1 clastic sediment 1.01 1.20 1.60 2.13 1.49 2.72 1.25 0.22 2.55 2.01 439 
M_14 coal 1.05 1.21 1.15 1.04 1.27 2.18 4.43 0.56 7.77 1.53 443 
M_17 coal 1.02 1.03 0.98 0.90 1.27 3.39 4.17 0.47 7.94 2.48 445 
M_18 coal 1.08 0.98 0.96 0.93 1.32 1.11 6.85 0.82 7.29 0.92 440 0.90 
M_19 coal 1.00 0.98 1.02 1.09 1.17 12.62 2.46 0.31 8.83 11.72 440 0.93 
M_38 clastic sediment 1.01 1.04 1.07 1.11 1.14 4.67 0.94 0.33 3.65 4.79 440 0.93 
P_18 coal 1.01 1.06 1.12 1.22 1.13 4.65 1.68 0.23 7.29 3.84 431 
P_24 coal 1.07 1.19 1.24 1.32 1.23 1.81 2.26 0.21 10.32 1.44 427 
P_25 coal 0.99 1.16 1.19 1.23 1.17 3.14 4.33 0.54 7.95 2.43 
P_32 coal 1.01 1.15 1.26 1.41 1.22 1.78 7.70 0.80 9.00 1.59 430 0.87 
P_35 coal 1.02 1.09 1.16 1.28 1.16 2.82 5.18 0.50 10.62 2.52 433 0.82 
P_39 org rich sediment 1.00 1.05 1.09 1.14 1.09 2.81 2.80 0.33 7.26 2.26 436 0.80 
P_45 clastic sediment 1.03 1.08 1.14 1.22 1.13 4.69 1.75 0.20 6.70 4.00 425 
P_75 clastic sediment 1.03 1.10 1.12 1.17 1.14 3.26 1.72 0.29 6.46 2.88 
P_81 coal 0.94 1.06 1.15 1.28 1.12 1.95 8.57 1.13 7.32 1.72 458 
P_95 org rich sediment 1.02 1.08 1.12 1.18 1.13 7.13 2.00 0.20 9.09 6.21 433 0.85 
P_96 coal 1.04 1.01 1.20 1.70 1.27 4.10 0.15 0.18 0.84 3.44 429 0.87 
P_113 org rich sediment 1.00 1.05 1.09 1.15 1.08 2.55 1.76 0.22 7.28 2.18 430 0.90 
V_64 coal 1.09 1.22 1.03 0.82 1.02 2.36 6.35 0.61 8.99 1.54 436 
V_66 coal 1.04 1.14 1.20 1.28 1.20 1.63 6.34 0.68 9.58 1.43 437 0.80 
V_71 coal 1.11 1.21 1.19 1.16 1.17 0.62 3.57 0.65 9.90 0.69 434 0.67 
V_72 coal 1.05 1.30 1.67 2.20 1.61 1.40 5.24 0.64 9.65 1.50 436 
V_76 org rich sediment 1.08 1.16 1.09 0.95 1.27 2.74 2.27 0.30 7.70 2.14 432 0.78 
V_93 coal 1.10 1.33 1.02 0.75 0.98 0.93 5.66 0.50 9.14 0.58 
V_120 coal 1.13 1.12 1.11 1.10 1.26 0.87 3.77 0.55 8.44 0.95 436 
V_123 coal 1.06 1.14 1.18 1.24 1.18 1.91 6.09 0.67 8.01 1.44 441 
V_125 org rich sediment 1.01 1.11 1.15 1.23 1.16 4.74 2.52 0.27 9.47 4.49 0.78 
V_140 clastic sediment 1.03 1.07 1.16 1.28 1.15 1.91 3.32 0.51 6.63 1.82 429 
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Fig. D-1: Rock-Eval Pyrogrammes of sediment (a) and kerogen concentrates (b) of sample D_82 
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Fig. D-2: Rock-Eval Pyrogrammes of sediment (a) and kerogen concentrates (b) of sample H_19 
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Fig. D-3: Rock-Eval Pyrogrammes of sediment (a) and kerogen concentrates (b) of sample K_67 
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Fig. D-4: Rock-Eval Pyrogrammes of sediment (a) and kerogen concentrates (b) of sample M_20 
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Fig. D-5: Rock-Eval Pyrogrammes of sediment (a) and kerogen concentrates (b) of sample P_117 
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